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i i
A b stra ct
T he exchange of 818 0 ,  S D , and tritiu m  between w ater and w ater vapor 
was investigated w ith two experim ental m ethods. The first was quiescent equili­
bration  of w ater samples having widely contrasting isotopic com positions, surface 
areas, volumes, and tem peratures, bu t sim ilar salinities. T he transfer of w ater 
was quantified w ith an exchange coefficient k , as identified by [Criss, Gregory 
and Taylor, 1987] for w ater and m inerals in a  closed heterogeneous system . R ates 
of exchange depended on surface area and vapor pressure, while the  end-point 
equilibrium  was controlled by volume and isotopic com position of the  exchanging 
waters. Over a 76 day period, shifts as large as 12.8 °/0o <518 0  and 60 %o <*> D were 
observed for two exchanging waters w ith initial volumes of 475 ml, identical su r­
face areas, and in itial isotopic differences of 13.4 %o oxygen and 71 °/0o deuterium . 
One w ater, w ith in itial tritiu m  activ ity  of 95,077 TU , underw ent a reduction of 
60,000 TU . Values of k  ranged from 0.09 to  0.19 cm /day  at 22 °C and from  0.86 
to  0.92 cm /d ay  a t 52 °C .
The second m ethod involved sparging 30 1 of tr itia ted  water (5,000 and 630,000 
TU ) w ith a constan t 15 1/min flux of w ater-satu rated  air (TU <10). Half of the  t r i ­
tium  was exchanged into the  vapor effluent over 40 days; itranged from  0.025/day 
to  0.030/day. Equilibration with 630,000 TU was observed over a bubble pa th
of 20 cm, suggesting an a lternative  m ethod of tritiu m  rem ediation. T he value of 
k  for 180 / 160 ,  D /H , and 3H was found to  be the  sam e for each tria l using bo th  
experim ental m ethods.
T he process of isotopic exchange w ith the atm osphere is argued to  occur in 
the  hydrologic cycle, and as an exam ple a 40 °/00 discrepancy in 6 D between the 
observed isotope com position of Pyram id Lake, Nevada (-35 %o $ D ) and the 
value calculated assum ing a perfectly term inal lake (+ 5  %o S D ) is suggested to  
be caused by isotopic exchange.
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In tro d u ctio n
U nderstanding the partition ing  of hydrogen and oxygen isotopes in natu re  is 
im portan t because their d istribu tion  can reveal the  physical h istory of a given 
w ater parcel. The conservative natu re  of light stable isotopes provides a solid 
fram ew ork for w ater-balance and recharge studies. T he conservation of mass of 
stab le  isotopes w ithin the hydrologic cycle can be expressed as a sum m ation of the 
m ass balances for each control volum e and its associated isotopic m easurem ent. 
This sim ple concept allows m ixing ratios, origin, and history of a  w ater parcel to 
be accurately  assessed. Isotope exchange has been shown to be im portan t in di­
verse areas of earth  sciences such as the  study  of m ineral-w ater in teractions [Criss, 
Gregory and Taylor, 1987], deposition of aerosols to various surfaces [Chamber- 
lain, 1991; Chamberlain and Eggleton, 1964], the isotopic com position of rainw ater 
[Friedman, Machta and Soller, 1962], and the  im plications of crustal isotope bal­
ances on paleoclim ates [Schrag, DePaolo and Richter, 1992]. In th is work, isotope 
exchange between water and w ater vapor is evaluated under controlled conditions 
to  b e tte r  understand isotope system atics of low -tem perature air-w ater system s.
N um erous transport models have been derived for th e  isotopes of oxygen and 
hydrogen using wind velocity, hum idity, and water vapor and energy fluxes [Brut- 
saert, 1975; Craig and Gordon, 1965; Dansgaard, 1961; Merlivat and Conantic, 
1975]. M ost models which describe the movem ent of an isotopic species from
2liquid water to  the  atm osphere are based on an evaporative (net) loss of water 
from  the  liquid phase [Horton, Corey and Wallace, 1971; Prantl, 1974]. For this 
case the  isotopic enrichm ent of the  w ater is reasonably well constrained, and has 
been shown to be proportional to the logarithm  of the  fraction of liquid rem ain­
ing [Craig, Gordon and Horibe, 1963]. Less understood and docum ented are the 
dynam ics of the na tu ra l reflux (deposition) of atm ospheric w ater vapor to  the  liq­
uid phase, and its im plication on the  isotopic evolution of both  vapor and liquid 
phases.
The isotopic flux to  and from a body of w ater is governed by hum idity  and 
isotopic exchange w ith the  am bient vapor [Craig, Gordon and Horibe, 1963; Gat 
and Bowser , 1991]. T he term  isotope exchange, as used in th is work, is defined 
as the  two-dim ensional flux of isotopes between w ater and w ater vapor, and the 
a tte n d an t isotopic evolution of each phase.
C orrect in terp re ta tion  of isotopic d a ta  depends on understanding  the  m ech­
anism  and knowing the  rates of the exchange process. T he buffering effects of 
an isotopic re tu rn  flux com plicate the  in te rp re ta tion  of isotopic d a ta  from water- 
budget studies because the  observed isotopic shifts are norm ally evaluated with 
evaporation as the dom inant process. Possibly for th is reason, the isotopic equi­
libration of w ater under non-evaporative conditions has received relatively little  
a tten tion  in the litera tu re . These considerations have prom pted several questions. 
Can pure end-m em ber isotopic exchange be isolated (from  the isotope effects of 
evaporation /condensation) and identified? W hat are the  rates of exchange?
3O bjectives
T he goal of this work was to  investigate isotope exchange through experi­
m ents which are designed to circum vent the kinetic effects of evaporation on the 
fractionation  of stable isotopes and tritium  between liquid and w ater vapor. This 
was achieved by experim entation a t near-satu ration  conditions. R ates of exchange 
are evaluated for different surface areas, volumes and tem peratu res.
Two experim ental m ethods were used to  evaluate the  exchange rates of water 
isotopes betw een liquid and vapor. In addition, a  qualita tive  application of isotope 
exchange to  the  hydrologic cycle is presented. The three m ain objectives of this 
work are:
1 E valuate  th e  rates of isotope exchange for a  closed system  (quiescent conditions).
2 Evaluate th e  rates of bubble-m ediated isotope exchange (tu rbu len t conditions).
3 E valuate the  im plications of findings on th e  hydrologic cycle.
T he first objective was achieved utilizing sealed boxes to  allow waters of dif­
ferent in itia l isotope com positions to  equilibrate via the vapor phase over tim e, 
while tracking  the  isotopic evolution of the  waters. H um idity  and tem pera tu re  
were held constan t, and air flow was m inim ized to  produce controlled conditions 
th a t should m im ic end-m em ber isotope exchange and dam pen the effects of evapo­
ration . These are known as the  box experim ents; since the vapor and liquid phases 
were kept und istu rbed , the exchange was passive in na tu re  (quiescent conditions).
T he second objective employed isotopic exchange by air-sparging. T he goal 
of these experim ents was to  estim ate  the m agnitude of bubble-m ediated  isotope 
exchange between a w ater-saturated  air stream , and a tr ita ted  w ater. T he rates
of mass flux are estim ated , and com pared to  the  results of the  quiescent closed- 
system  findings. Air sparging (aeration, or air stripping) is widely used to  m odify 
the  chem istry of bulk water by adding or rem oving selected com ponents. Typical 
applications to  w aste w ater and drinking w ater are the  addition of oxygen or ozone 
and the  removal of hydrogen sulfide, am m onia, or volatile organics. W hile a large 
lite ra tu re  base exists for the  ex traction  of volatile and sem i-volatile com ponents 
from  bulk w ater, little  work has been done concerning the  exchange of w ater iso­
topes during sparging. These sparging experim ents thus represent th e  application 
of s tandard  stripp ing  m ethods to  a  non-standard  com ponent of w ater, nam ely tr i­
tium . T he analysis of these experim ents will em phasize isotope system atics ra ther 
th an  optim ization which is typically the  goal of the chemical engineer.
The th ird  objective is to evaluate the  im plications of isotope exchange on the  
hydrologic cycle. T he case of a  term inal lake is discussed, in which the  hypothesis 
of exchange is argued to explain the  discrepancy betw een observed isotope com­
positions and those calculated based on hydrologic param eters. Suggestions are 
m ade for fu rther isotope exchange research w ithin na tu ra l systems.
Background
The m ovem ent of water molecules across an air-w ater interface is not a s ta tic  
process. The kinetic theory of gases describes the  dynam ic equilibrium  th a t  exists 
when the num ber of w ater molecules passing into the vapor phase equals the 
num ber th a t recondense on the liquid surface. At th is point of equilibrium , the
5vapor phase is sa tu ra ted  with w ater. If the  num ber of molecules leaving the  liquid 
is g rea ter th an  those recondensing, the  process is term ed evaporation, and a net 
loss of w ater from  the  liquid phase occurs. Molecules are in constan t motion 
upwards out of the  liquid (isotopic flux) regardless of w hether or not the  w ater is 
evaporating. Thus, w ater molecules en ter and exit the liquid phase as an isotopic 
flux first; th is flux m ay or m ay not be enhanced by evaporation or condensation, 
depending on environm ental conditions.
In na tu re , the  two cases of flux into sa tu ra ted  and under-sa tu ra ted  atm ospheres 
combine to  produce a spectrum  of isotopic relations betw een the  liquid and vapor 
phases. In principle, evaporation is proportional to  the  m oisture deficit in the 
atm osphere, and was proposed by D alton (ca. 1800) to  be a  function of vapor 
pressure: E  =  C (p0 — pa), where C is an em pirically determ ined  constan t which 
accounts for wind speed and surface conditions, p0 is the  vapor pressure a t the 
surface, pa is the  vapor pressure a t some point above the  surface, and E is the  ra te  
of evaporation. This form ulation is the  basis for a suite of evaporation equations 
[.Blaney and Criddle, 1950; Penman, 1948; Thornthwaite and Holzman, 1942] 
which predict water loss as a function of solar radiation, wind speed, albedo, etc. 
A m odel of isotopic evaporation was deduced for an isolated liquid [Craig and 
Gordon, 1965], which by analogy is the transport resistance of O hm ’s Law:
1) Evaporation begins when w ater molecules (in isotopic equilibrium  with a 
well m ixed liquid) move into a  sa tu ra ted  sublayer a t the  air-w ater boundary. This 
layer is non-m ixing with the  atm osphere and produces the  isotopic fractionation.
2) T he vapor then enters a lam inar layer, in which m olecular diffusion is the 
dom inant tran spo rt mechanism . At low relative hum idities, the  vapor phase is 
fu rther depleted of heavy isotopes (kinetic effect).
3) The w ater vapor then m igrates into a fully tu rbu len t layer which is non­
fractionating  because th e  resistance to  tran sp o rt for the  various isotopic species 
is the  same throughout.
4) The w ater vapor in the atm osphere may, in re tu rn , p ene tra te  the  m olecular 
diffusion layer as an isotopic flux in the  case of exchange, or as w ater gain in the 
case of condensation, thus com pleting the  process of cycling between th e  liquid 
and vapor phases.
Exchange rates, m olecular diffusion, and vapor pressures for the  different iso­
topic species are in terrela ted  in a complex fashion across the various boundaries 
along a vertical cross section of the liquid-vapor interface. It is the  fourth  step 
which outlines the  re tu rn  flux to the  liquid phase, and is of particu lar im portance 
to  this study. T he four-step process described above is known as the  Craig-Gordon 
m odel, and is shown schem atically in Figure 1. The left hand y-axis of Figure 1 
shows the  hum idity  (h) com ponents, the  righ t-hand y-axis the isotopic (6) com po­
nents, and the  in terior p expressions are the  tran sp o rt resistances for the  various 
sections. In th is figure, Z denotes the thickness of the lam inar boundary layer; 
D is the  coefficient of diffusion for w ater vapor in air; C* and Cl  are the  mole 
fractions of w ater for the vapor and liquid phases, respectively. T he subscripts
7O '□
Q.
C
>
\Jz
7T\
i—i
3
GS
h a 9
h
h
M
V
1
1
o -
/0 =  D
p
T u r b u l e n t  Sect ion
Laminar^S.ection
©
o
I n t e r f a c e
O"
P = ^ L  
L D C l
Laninar Sect ion
T u r b u l e n t  Sect ion
(5a
(5m
v
o
s
(5l
Figure 1: Schem atic of the  the  Craig-Gordon boundary layer model showing hu­
m idity  (h), isotopic (5), and tran spo rt resistance (p ) com ponents a t an air-w ater 
interface (modified from  [Craig and Gordon, 1965]). T he heavy lines represent the 
isotopic values of th a t phase; Z is the  thickness of the  lam inar boundary layer; 
D is the  coefficient of diffusion for water vapor in air; C* and C l  are the  mole 
fractions of w ater for th e  vapor and liquid phases, respectively. T he subscripts A, 
M, V, S, and L denote the bulk air, vapor lam inar layer, vapor interface, liquid 
interface, and bulk liquid, respectively.
A, M, V, S, and L represent, respectively, the bulk air, vapor lam inar layer, vapor 
interface, liquid interface, and bulk liquid. If liquid-vapor equilibrium  exists, then 
h y = l ,  and the d istribu tion  of a  particu lar isotope is defined by the ratio  of the 
sa tu ra tion  vapor pressure of the heavy isotope to  the  sa tu ra tion  vapor pressure of 
H2O 16. This is the  condition on which the experim ents in th is work are predicated.
8T he im plications of isotope exchange were discussed by Craig, Gordon, and 
Horibe, [1963] in term s of hum idity  and batch  distillation  for a su ite  of evaporation 
experim ents. One of these experim ents was sim ilar to  the  box experim ents of 
th is work; the  m ain differences are th a t in the  1963 work, evaporation was the 
dom inant process studied, and no a ttem p t was m ade to quantify  the  observed 
exchange. T he work of Craig, Gordon and Horibe, [1963] was fu rthered  in term s 
of application to  hydrology, and lake-air in teraction  in particu lar, in a  study  of 
lake dynam ics [Gilath and Gonfiantini, 1983]. T his investigation sets fo rth  isotope 
system atics in term s of limnological param eters, and also the  isotope evolution of 
lake w aters expected  under conditions of variable hum idity. T he predictions of 
lake w ater isotope evolution are im portan t to th is study because they  represent 
the  actual trends observed in natu re  under evaporative conditions, as opposed to 
the  end-m em ber case of pure exchange (the sa tu ra ted  vapor pressure conditions 
m odeled in th is work).
For exam ple, the  findings of Gilath and Gonfiantini [1983] ind icate  th a t a t 
50 percent relative hum idity, the  expected enrichm ent of a  term inal lake (in- 
flow =evaporation) is approxim ately linear. For hum idities above abou t 50 per­
cent, and isotopic stationary state will be reached through rapid m olecular ex­
change between the  liquid and vapor phases for an isolated body of w ater [Craig, 
Gordon and Horibe, 1963]. These researchers showed th a t such an equilibrium  
may be a tta in ed  long before the water mass has to ta lly  evaporated. End-m em ber 
cases occur a t zero percent hum idity  (batch  distillation , m axim um  enrichm ent)
9and 100 percent relative hum idity  (no evaporation, pure exchange). Thus a t 50 
percent relative hum idity  the  effects of evaporation and exchange are approxi­
m ately  equal.
Conditions of non-zero hum idity  have previously been found to  cause a  depres­
sion of the  expected liquid isotope enrichm ent for na tu ra l waters. This lim itation 
is thought to  be caused by a  re tu rn  (isotopic) flux, and is no t com pletely under­
stood in e ither m agnitude or m echanism . The study  of the  end-m em ber case of 
isotope exchange w ithin a vapor sa tu ra ted  atm osphere is the  m ain objective of 
th is work.
Isotopes in Hydrology
Since their discovery during 1929-1932 [Gat, 1980], the  isotopes of hydrogen 
(3H , 2H , 1H )  and oxygen ( 180 , 17 O ,16 O) have received m ore and m ore in terest 
from  hydrologists. These isotopes, in various com binations, m ake up the  w ater 
molecule. Thus they directly  reflect the  natu ra l w ater’s history, and are a m eans 
of fingerprinting the iden tity  and tracing  the m ovem ent of a parcel of w ater in 
the  hydrologic cycle. O ther common isotopes used in hydrologic and hydrogeo­
chemical studies are those of carbon, sulfur, stron tium , and those in the  U-Th 
series.
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Stable Isotopes
R elative worldwide abundances of hydrogen and oxygen isotopes are given in 
Table 1.; values are bulk percentages. A bout one atom  of 180  exists for every 500 
atom s of 160 ; similarly, about one atom  of 2.//(deu terium  or D) exists for every 
6700 atom s of 1//(hyd rogen ). A lthough oxygen has th ree  isotopes, the  abundance 
of 17O is abou t 20 percent lower than  th a t of 180  and 160 ,  thus its effective use 
is lim ited (see Table 1.). T ritium  (3H ), the  cosmogenic isotope of hydrogen, has 
special properties and uses, and does not appear in Table 1., but will be discussed 
later.
Table 1: W orldwide abundances of hydrogen and oxygen isotopes
Element Isotope Percent
Hydrogen lH 99.98
Hydrogen (D euterium ) 2H( D) 0.015
Hydrogen (tritium ) - -
Oxygen 160 99.67
Oxygen 170 0.0375
Oxygen 18 0 0.20
Modified from Fritz and Fontes, 1980.
A convenient cjuantitative expression for hydrogen (excluding 3H)  and oxygen 
isotopes is given by a  ratio  of the  heavier isotope to  the  lighter isotope [Friedman 
et al., 1964; IA E A ,  1981]. Since relative isotopic concentrations can be m easured 
m ore precisely than  the  absolute concentrations, these isotope ratios are typically 
presented relative to  an s tandard -e ither S tandard  M ean Ocean W ater (SM OW ),
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or V ienna S tandard  M ean Ocean W ater (V-SM OW ). These standards are designed 
to  represent the  average isotopic com position of the  ocean since the  oceans are the 
sink and source for all waters in the  hydrosphere. Thus the 8180  and SD  values 
for ocean w ater are, by definition, zero [Craig, 1961]. The relative concentrations 
are expressed in 8 units (delta  un its), and represent the deviation in parts per 
thousand (‘per m il’ or %o) of the  sam ple ratio  from the s tandard  ratio .
618 O and 8 D are given by:
so th a t  a  stab le  in-house standard  is obtained. The isotopic ratio  of a standard  
is then  m easured and com pared to the lab standard ; this in term ediate  result is 
then  re-calculated against SM OW  to produce the final m easurem ent. Thus it is
( 18 0 / 16 O )  s t a n d a r d
P#/1 H ) s t a n d ar d ( 1)
where standard  is SM OW  or V-SMOW .
Each laborato ry  has its own standards which are calibrated  against SMOW
the isotopic stab ility  of ocean w ater which provides a  basis for the  m easurem ent
and in te rp re ta tion  of water samples.
T he use of stab le  isotopes in hydrologic studies relies on the  fact th a t the  stable
isotopic com position of waters can be related to  some physical process through
which the  w ater has undergone. Inherent to the stable isotopes of hydrogen and
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oxygen are several properties which perm it in terp re ta tion  of these processes: 1) 
these isotopic species are p a rt of the w ater molecule, and thus are inseparable 
from  the  history  of th a t  w ater parcel; 2) additions and sub tractions to  isotopic 
com positions are due chiefly to  fractionation; there  are no sources or sinks per se 
for the species, and 3) stable isotopes are conservative, i.e., they  generally do not 
undergo chemical, electrical or radiative change. Due to  the  conservative natu re  
of th e  isotopes, they are commonly used to  perform  m ass-balance calculations for 
w ater budgets.
Tritium
Tritium  is the  radioactive isotope of hydrogen (half life =  12.26 years), and 
is produced bo th  in n a tu re  and artificially. N atura l p roduction of tritiu m  occurs 
by bom bardm ent of atm ospheric nitrogen w ith cosmic rad iation . Artificial p ro­
duction of tritiu m  is achieved through nuclear reactions w ith  deuterium , lith ium , 
boron, nitrogen or beryllium  [Jacobs, 1968]. Both na tu ra l and synthetic  tritiu m  
lose an electron by soft (weak) b e ta  decay, and thus only pose a  significant health  
risk if absorbed in ternally  (liquid or vapor phase) [M urphy , 1990].
M ost of the  tritiu m  found in na tu re  (artificial or na tu ra l) resides in the  form 
of w ater (H TO ), since a t standard  tem pera tu re  and pressure the  reaction
H T  +  H 20  = *  H T O  +  H 2 
is therm odynam ically  favored [Atkins , 1990].
(2)
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T he am ount of tritiu m  in a particu lar sam ple can be described in various ways. 
The un it used in this work is the T ritium  Unit (TU ), defined as the  ratio  of tritiu m  
atom s to  hydrogen atom s in a sample. Thus, a  TU  is not a concentration, bu t 
ra th e r a specific activity , and is defined as [Jacobs, 1968]
1 T U  =  ° ne a t°m  3 R  131
lx lO 18 atom s 1H
The transfer of tritiu m  from the liquid phase to  the  vapor phase is of in terest 
for two reasons. F irst, understanding non-evaporative in terphase tran sp o rt of 
3H  can elucidate the  ex ten t to which a  body of w ater is isotopically modified 
for a  given change in tritiu m  concentration. Second, H TO  cycling through the 
hydrosphere from  losses in nuclear power p lants and research facilities necessitates 
basic rem ediation research for compliance with increasingly stringent air and w ater 
quality  standards.
Fractionation
Any m echanism  which causes a  preferential separation of isotopes between 
phases is term ed a  fractionating process. W hen the  vapor pressures of the various 
isotope species are in equilibrium  between phases, th e ir ratio  describes equilib­
rium  fractionation which is denoted by a equ;i. F urther fractionation is possible 
through physical processes such as evaporation, to which is ascribed a kinetic 
addition to  the  process of equilibrium  fractionation [Craig, Gordon and Horibe, 
1963; Dansgaard, 1961].
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Fractionation  is thus a n a tu ra l separation of isotopes between coexisting phases, 
and is typically  dom inated by a physical processes such as evaporation. T he most 
fundam ental property  which forces an in ter-phase deviation from equilibrium  in 
isotopic com position is the  frequency of v ibration  exhibited by the  lighter molecule 
com pared w ith the  heavier molecule [Ferronsky and Polyakov, 1982] W ith in  a 
m olecule or crystal struc tu re , atom s of a light isotope v ib ra te  a t slightly higher 
frequencies, and are thus less tigh tly  bonded th an  atom s of a  heavier isotope.
These differences in bond streng th  (and length) are appreciable only for ele­
m ental isotopes whose relative mass difference is large. Differences in v ibrational 
frequencies of isotopes become sm aller a t higher tem pera tu res and changes in iso­
topic com position become less pronounced. Thus relative differences in isotopic 
ratios in low -tem perature environm ents are especially detectable. T he different 
vapor pressures of pure isotopic solutions is a reflection of their unequal atom ic 
masses. T he m agnitude of fractionation has also been shown to be g rea ter for 
covalent bonds [O ’Neil, 1986].
U pon evaporation or exchange, instan taneous isotopic partition ing  is con­
stra ined  for an isotopic species to  a  degree known as the  fractionation  factor, 
defined as [Dansgaard, 1961].
_ R a
Q A - B  =  ~ s ~
K b
This definition may be resta ted  in term s of de lta  values for the  phases A and 
B, provided they  are reported  against th e  sam e standard:
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_ Z 2 l _  1000 +  £l
aL ~V ~  R v ~  1000 +  8V ^
where L and V refer to  the  liquid and vapor phases, respectively. This equality  
allows an apparen t fractionation factor to  be calculated from the  m easured 8 values 
betw een two related  phases a t equilibrium , or to  pred ict the  8 value for a given 
phase based on th e  8 value for the o ther phase and an appropriate  fractionation 
factor.
As a first approxim ation, tritiu m  behaves like ord inary  w ater in the hydro­
sphere. However, the  large mass differences between the  isotopes of hydrogen 
produce significant changes in how these isotopes behave physically. Since tritium  
(as H TO ) has a  lower vapor pressure than  deu terium  (as HDO) its fractionation 
factor is larger, i.e.,
( H T O / H \ ° 0 ) L i q  _ ( H D O / H « 0 ) L I 9 .
( H T 0 / H ? 0 ) var  > ( l l D O / U f O ) V M ,  1 '
T he fractionation factor for tritiu m  a t 20 °C is 1.11 [Sepall and M ason , 1960] 
and predicts th a t  a t equilibrium , the liquid phase will hold approxim ately 11% 
m ore HTO than  will the vapor phase. This d istribu tion  reflects the  lower vapor 
pressure of tr itia te d  w ater com pared w ith HDO and H^O.
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Theory of Isotope Exchange
Isotope exchange processes have been identified as a dom inant control on the  
na tu ra l d istribu tion  of isotopic species for a  diverse group of earth  m aterials. The 
tran sp o rt of H TO  and H 2O vapor to  and from various surfaces in wind tunnel 
experim ents was studied on the basis of aerosol deposition [Chamberlain, 1991; 
Chamberlain and Eggleton, 1964]. T he analysis of removal and deposition of these 
species reported  by this researcher suggests th a t the  transfer is controlled by eddy 
diffusion in the  free air, and m olecular diffusion across the  viscous boundary layer 
near the  air-w ater interface. W hile m olecular diffusion in the liquid phase is 
the  lim iting factor for th e  transfer of sparingly soluble gases such as H 2 and O 2 , 
across a  viscous boundary, the liquid-side resistance for H20  and H TO  is negligible 
[Slinn et al., 1978]. Gas-phase controlled exchange coefficients for w ater vapor are 
reported  abou t 5 tim es greater their liquid-phase coun terparts and thus control 
the  transfer of w ater vapor [Tiss, 1972].
Chamberlain [1991] provides an analysis for the deposition of H TO  to various 
surfaces which utilizes an apparent exchange coefficient term ed the  velocity of 
deposition. T he deposition velocity is comm only used in analysis of bulk evap­
oration and in studies of isotope equilibration rates of rain drops [Chamberlain, 
1991; Friedman, M achta and Soller, 1962]; the  concept is especially appropriate  
for use here because of the  quiescent conditions w ithin the box experim ents.
The following section describes a model for tran spo rt and exchange of stable 
isotopes in an idealized closed system  of finite volume. All com ponents of the
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system  are assum ed well m ixed, with no losses to  evaporation.
In analogy to  the  ra te  equations developed for m ineral-w ater oxygen isotope 
exchange [Criss, Gregory and Taylor, 1987], transfer rates w ithin a closed sys­
tem s (e.g. box experim ents) can be evaluated beginning w ith a  s tandard  isotope 
exchange equation of the form
Ai6 + B i s  ^  Ai8 + B i s  (7)
where A and B denote different phases, and the  subscripts refer to  the 180  and 
l60  com positions of the phases. R ate  coefficients describe the  tendency for the 
system  to  fall to  one side or the  o ther of equation (7), and in the  case of water 
isotopes in a closed system  under equilibrium  conditions, will differ as described 
by the  fractionation factor a . The exchange rate  law for equation (7) can be 
expressed [Criss, Gregory and Taylor, 1987]
^  =  k a (A 16) (B 18) -  k (A 18)(B ie)  (8)
As applied to  equation (8), the  ra te  constant k  proceeds to  the  right and k
•a to  the  left. These are defined as overall mass transfer constants, and provide
inform ation on the bulk mass transfer w ithin a heterogeneous system . U nits of 
concentration for the use of (8) in a heterogeneous system  such as for m ineral-w ater 
in teractions are typically moles of w ater and m ineral present. However, the  use 
of extensive properties has the disadvantage of m aking the resulting expressions 
dependent on the  size of the system . Criss, Gregory, and Taylor [1987] suggest
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th e  sim plification of redefining the term s A j6 and Bie to  unity; this makes Ais and 
i?i8 equal to the isotope ratios of th a t  phase so tha t: A 18=  R^i, A i6 = l, B is=  R b , 
B x6=1. This norm alization is justified on the grounds th a t the  na tu ra l abundance 
of the  common isotopes of oxygen and hydrogen are sufficiently close to  unity  (e.g. 
160  ~  0.998, JH ~  0.9999).
W hen th e  substitu tion  a = R ,4 /R B = R z,/R v , where subscrip ts L and V refer to  
the  liquid and vapor phases, is combined with the  above assum ption, the ra te  law 
of (8) becomes [CVfss, Gregory and Taylor, 1987]
^  = - k ( R L - a R v ) (9)
This equation sta tes th a t, for any given in stan t, the ra te  of change of R^ 
is proportional to the difference between the  value of R^ (t) , and the value it 
would have if in isotopic equilibrium  w ith its vapor phase. T hus th e  term  a  Ry is 
the  instantaneous equilibrium  isotope ratio  w ritten  Ra/. T he com position of the 
vapor phase, Ry, is controlled by the composition of the  liquid phases present, 
the  appropriate  isotope fractionation factors, and the  available surface areas. The 
com position of the liquid phase, however, is a gradual function of the  changes in 
Ry. In the  case of identical surface areas and volumes of w ater sam ples in the  box 
experim ents, Ra/ is a  constant. T he rate  of isotope exchange of the  liquid phase 
is also proportional to the volume and surface areas of the  liquids which leads to 
the  expression [Ingraham and Criss, in prep.]
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^  =  - k ( R x  -  R M (10)
where R ^  is the  isotope ratio  of the  liquid phase X a t tim e t, Sx and V x are the 
surface area and volum e of th is w ater, respectively. A schem atic of th is case is 
p ictured  in Figure 2. In this figure, both  R x  and Ry are  applicable to  investigation 
by equation (10).
R =  i so to p e  ra t io s  
S =  s u r f a c e  a r e a  
V =  v o lu m e
Rx/a Ry/a
Sx
Ry, VyRx, Vx
Figure 2: Schem atic of isotope exchange for sim ilar surface areas and volumes.
A pplication of equation (10) requires in tegration over tim e and the  variable 
R a' • For the  case of identical surface areas and volumes, the equality  R^f=Roo=com m on 
isotope end point is justified since the liquids respond to  an unchanging vapor
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com position.
T he solution of (10) for th is case is
Rx ~  Roo (  , ,  Sx=  exp ( - » £ )  <“ >R i  —  R o o  V Vx ■
where R,-, R ^ ,  and R *  refer to  the  isotope ratios of the  liquid X a t the  initial,
equilibrium  sta tes, and a t any tim e t, respectively. T he derivation of equation
(11) is presented in A ppendix B. Conversion of the  isotope ratios in th e  left hand
term  of (11) to  the more practicable de lta  values is based on the  relationship given
in equation (5)
Since values of a  tend to be very close to unity, equation (5) can be w ritten  
8 i-8y  =  1000(a:£_v'-l). Consequently, the  left hand term  in equation (11) becomes
J t x - K o  = 1000 ( f c  -  1 ) -  1000 ( t S T - i )  =  )  ll2)
R i - R o o  1000 -  l) -  1000 -  l) \ 6 i - 6 o o )
where R s is the  isotope ratio  of the  appropriate  standard , 6;, 6 and 8 are the
de lta  values in per mil for the  initial, equilibrium , and tim e t sta tes, respectively.
Com bining equations (11) and (12) yields
8 ^  = e x p ( - k t ^ f )  (13)A - W  V V x
Equation (13) is used in the following sections to m odel the progression of 
isotope changes in the box experim ents for the  case of identical volumes and 
surface areas for two exchanging waters. T he param eter k  has units of velocity, 
and has been in terpreted  as a piston velocity when scaled to a wind speed, or as
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a  coefficient of stickiness. The lack of convection w ithin the  box system s allows a 
reasonably s tric t in te rp re ta tion  of the  range of k ’s to  be made.
Isotopic gradients w ithin the  liquid phase are assum ed negligible, and the  liquid 
phases are considered well m ixed. W hile this is not stric tly  true, self diffusion of 
the  isotopes in w ater was not found to be ra te  lim iting. For the  case of same 
surface areas and volumes, then, the instan taneous isotope com position of the 
liquid phases will gradually  change, b u t the  com position of the  vapor to  which 
the  liquids react rem ains constant (Rm)- For the case of differing volumes or 
surface areas, Rm is no longer constant, b u t becomes a  function of the  different 
values of Sx and Va'. Exchange between w aters in a closed system  where S x  or 
V x  differ is controlled by a  more complex Rm , or end-point value, which can be 
w ritten  [Ingraham and Criss, in prep.]
o SxR-x +  S yR y  +  S z R z  +  ••• n/ )x
R u  =  S X + S r  + S z  + ...------- (14)
T he physical in te rp re ta tion  of this equation is th a t th e  instan taneous isotope 
com position of the  vapor phase a t any tim e is a function of the  surface areas 
and isotope com position of the liquids for the case of differing surface areas and 
volumes. The vapor com position R m does not respond at any given in stan t to 
the  volume of the  liquid phases.
T he solution (analogous to equation [13]) for the case of two beakers of w ater 
with different surface areas and volumes is [Ingraham and Criss, in prep.]
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Equation (15) is used for the  Box experim ents in which the  surface areas and 
volumes were varied between trials.
In addition to  the  exchange processes, the  in itial hum idification of the  boxes 
was studied to study  the  losses of bulk w ater to  the  vapor phase. C alculations 
of th e  w ater vapor flux for the initial hum idification of the  box atm osphere are 
presented in A ppendix D.
B ubble-m ediated Isotope Exchange
T he dom inant forcing agent in the case of bubble-m ediated  w ater-isotope 
exchange is the diffusion of w ater vapor in air. Superim posed on this m echanism  
are the actions of the  isotope gradient and interfacial conditions. Diffusion forces 
the  mass isotope concentration inside a  bubble tow ards an equilibrium  value equal 
to  th a t  a t the surface of the  sphere. The end-point concentration inside the  bubble 
is bound to  the constrain t of isotopic fractionation, so th a t the  equilibrium  vapor 
com position (for any isotopic species i) of a bubble is related  to  the  liquid phase 
by a,-. T he aim  of the bubble-m ediated exchange experim ents is to investigate 
w hether or not vapor-phase equilibrium  is reached over a  small bubble pa th  for 
a  given experim ental geometry, and how these rates of isotope exchange com pare 
w ith th e  box values, and those calculated for m oderate hum idities.
An estim ate  is first m ade of the tim e necessary for w ater vapor to  diffuse
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th rough a sm all, hollow, air-filled sphere. The governing differential equation in
•  coefficient derivation is analogous with heat flow.
•  there  is no internal turbulence or convection.
•  the  system  is isotherm al.
•  bubbles are spherical w ith no surface effects.
•  evaporation at the  free w ater surface is negligible.
T he solution for equation (17), where C0 is the  concentration a t the  surface
tim e t, respectively, is given by [Carslaw and Jaeger, 1986].
cylindrical coordinates which describes diffusion to  and from  a  sphere where lines
of equal concentration form concentric spheres is given by equation (16) [Carslaw
and Jaeger, 1986] where r =  the radius of the  sphere, D0 is the  coefficient of
diffusion of w ater vapor in air, and the change in concentration is a  function of v.
(16)
W ith  the  substitu tion  u = v r  th is becomes
9 u _  d 2u 
d t =  °~d^
(17)
Equation  (17), is adopted from derivations for radial heat flow w ithin a  sphere.
Assum ptions for applying these equations to  the  present case of sm all air bubbles
rising in w ater include:
of the  sphere, a is the radius, and r and C are the distance and concentration at
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C/Co
C/Co
^  ^  , 2aC0 ^ f  . m r r \  ( - D 0n 2-K2t \
C — C0 -\-----------> s m ------ exp  --------------- (18)vr ^ i V a J \ a J
C0 is assum ed to  be equal to  the  concentration a t the  surface, which is in tu rn
1mm
0.5
0.0
3mm1.0
0.5
0.0
0.0 0.5 1.0
2mm
0.0 1.00.5
r/a r/a
Figure 3: W ater-vapor concentration profiles for four bubble diam eters (one to 
four m m) and various values of dimensionless tim e (D o t/a 2) as a function of 
r /a . Dimensionless tim es are determ ined by Do=2.39x-10~5 m 2/second, a= sphere  
radius, and the  following values of tim e in seconds: A=0.0003, B=0.001, C=0.003, 
D=0.006, E=0.01, F=0.03 , G =0.06, H =0.1 , 1=0.3.
in equilibrium  with the  continuous (bulk) phase. C oncentration profiles for various 
sphere diam eters and exposure tim es (values of D 0/ / a 2) are graphed in Figures 3 
and 4 as a function of r /a .  The coefficient of diffusion D0 for water vapor in air
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C/Co
C/Co
is 2.39 a;10 5 m 2/second at am bient tem peratures.
5pim
1.0
F 6mm
7mm
r/a
0.5 1.0
Figure 4: W ater-vapor concentration profiles for four bubble diam eters (five to 
eight m m ) and various values of dimensionless tim e (Do t / a2) as a function of 
r /a .  Dimensionless tim es are determ ined by Do=2.39a;10-5 m 2/second, a= sphere  
radius, and the  following values of tim e in seconds: A =0.001, B =0.01, C=0.1, 
D =0.3 , E = 0 .5 , F= 0 .7 , G = 0.9 , H = l . l .
Figures 3 and 4 are in terpreted  by estim ating  the tim e necessary for C /C o  to 
reach unity. T he sweep of the tim e-lines across the graphs (from right to  left) 
represent the  diffusion of w ater vapor through the bubble from ou ter surface ( r /a  
=  1) to  th e  center of the  bubble (C /C o  =  1). For the  purpose of estim ating  
com plete diffusion through the sphere, we define equilibrium  in Figures 3 and 4
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to  be the  point where the  tim e line reaches 0.99 C /C o . From these graphs, the  
tim e required for equilibrium  to be reached is found to  range from  0.01 to  0.3 
seconds for small (1-4 m m ) bubbles, and from 0.5 to  1.0 seconds for m edium  (5- 
8 m m ) bubbles. T he tim e-dependent concentration profiles in Figures 3 and 4 
indicate th a t for the  range of bubble diam eters of in terest (2-5 m m ), diffusion of 
w ater vapor will force equilibration of the entire  bubble volume w ithin the  tim e 
necessary for equilibration (residence tim e of bubbles). For these experim ents the  
residence tim e was abou t 2 seconds.
A schem atic of the  bubble-m ediated transfer is shown in Figure 5. A m odel of 
th is exchange m ust take into consideration the open-system  natu re  of the  vapor 
flux. Because little  pressure is built up in th e  head space of the  exchange vessel, 
and the  exit vapors are swept out continuously, the  system  can be considered 
open. Thus if equilibrium  is a tta ined  over the bubble p a th , the  mass transfer will 
be proportional to the  ra te  of air flow. At any in stan t, the  dom inant change in 
concentration occurs very near the  interface; the  d istance over which k  is applied 
is thus very small. However, it is usually im practical (if not impossible) to  sam ple 
a  moving liquid and m easure C^;, the liquid-side interfacial concentration (Figure 
5). An analogous Cv; exists w ithin the vapor phase, as well as bulk vapor-phase 
C l and C2 values, but are not p ictured in Figure 5 for simplicity.
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V apor
Free W ater  S u r f a c e
C(TU,D,18—0 )  
=  equil ibrium
C(TU)=0
C ( D ,1 B - 0 )  = 
C (co lu m n  vap o r)
a p o r  Di f f u sor s )
Figure 5: Schem atic of concentration changes over a short bubble rise
T ypical liquid and vapor sam pling would more likely provide m easurem ents of 
C l and C2 w ithin the  chosen phase (Figure 5). Previous research suggests th a t  the  
in terfacial values are equilibrium  concentrations, and th a t the  resistances to  mass 
transfer for the two phases are essentially independent and additive [W hitm an, 
1923]. T his is the two-film theory (b e tte r  term ed the  tw o-resistance theory), and 
im plies equilibrium  or equal chemical potential across the  interface.
T he stab le  isotopic evolution of the  vessel w ater in the  bubble-m ediated  ex­
perim ents is m odeled w ith equation (13). This m ethod of analysis was chosen 
because it is the sim plest model which correctly accounts for the observed vari­
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ations in com position. Since the input vapor has a constan t near-zero tritiu m  
concentration (background), the  tritiu m  transfer is m odeled based on the  air flow 
rate . A m ass balance expression of the  system  w ith the  exchange vessel as the 
control volume relates the  ra te  of change of mass in the  control volume to  the  
m ass flux out of the system
V ^  =  % [ C v i )  (19)
where C l and Cv, are the  concentrations of the  liquid phase and the  surficial vapor 
phase, respectively, qa is the  air flow ra te , and V is the  volum e of the  liquid.
If the  sa tu ra ted  air behaves ideally, then the equilibrium  condition
C v, =  H C l , (20)
exists, where H is H enry’s Law constan t for the gas of in terest. This is justified 
since R ao u lt’s law is obeyed by m ixtures of HDO and H TO  [Smith and F itch , 
1963], in which the equilibrium  partia l pressure of each com ponent is equal to  
the  p roduct of the vapor pressure of the  pure com ponent, and its mole fraction 
in the  liquid phase. For w ater vapor, an apparen t H enry’s Law constant can 
be closely approxim ated by converting the  vapor pressure of w ater a t the desired 
tem p era tu re  to  a  m olar concentration. For exam ple, a t the  tem p era tu re  of in terest 
here (24.5 °C ), w ater vapor exerts a  pressure of about 23.5 m m  Hg, from  which 
a vapor concentration of 1.23 xlO -3 M is calculated. The m olar ratio  of w ater 
vapor to  liquid is thus 1.23 o,T0“ 3 M /55.5 M =  2.3a.T0“ 5, and can be thought of
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as a dimensionless w ater vapor pressure. This value represents the  equilibrium  
concentration of the vapor phase relative to  the liquid phase. Inserting equation 
(20) in to  equation (19) yields
9JW = <2i>
where th e  quan tity  q0V /H  is proportional to  the mass transfer coefficient k  which 
has the  units of 1 /tim e. The in tegration of equation (21) is very sim ilar to  th a t 
p resented in A ppendix B for equation (12), using different in itial conditions and 
lim its of in tegration. It differs from equation (12) in th a t the  partia l pressure of 
tritiu m  in the vapor phase is in itially  zero, hence Coo=0.
T hus the  use of equation (21) requires m easurem ent of the  air flow rate , liquid 
volume, and tritiu m  concentration, and assessment of in itial conditions. For typi­
cal applications of equation (21) to  atm ospheric gases, the  resistance of one or the 
o ther phases tends to dom inate the  system , so th a t the to ta l m easured resistance 
is essentially equal to th a t of the  resistance of the  rate-controlling phase [ Treybal, 
1968].
T he  m ajor difference between the  box experim ents and w ater under more n a t­
ural conditions (besides for isotopic com position) is the constan t high hum idity. 
T em peratu re  gradients in na tu re  across an air-w ater boundary will generally pro­
duce a flux of w ater into the vapor phase, resulting in a volume loss of the liquid 
phase. O ne m odel used to  predict the  isotopic com position of an evaporating 
liquid is the  Rayleigh distillation equation. This model predicts the  evolution of
a  dessicating liquid to  be a  function of the  relative hum idity  raised to  a power 
(some form  of th e  fractionation factor).
T he application of the  Rayleigh equation was found by Craig, Gordon and 
Horibe [1963] to  be lim ited by m olecular exchange between the  liquid w ater and 
the  atm osphere. T he present work extends th is concept in an a tte m p t to  quantify 
the  resulting  exchange for various end-m em ber cases.
M eth o d o lo g y
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Two separa te  experim ental designs were used to  evaluate the exchange of iso­
topes between w ater and w ater vapor. In the  first design, sealed boxes were used 
to  create closed-system  environm ents (boxes) in which w aters of different isotopic 
com positions are allowed to  isotopically equilibrate under isotherm al conditions. 
This set of experim ents is term ed the box experim ents, and is used to  evaluate 
passive exchange, th a t  is, exchange under quiescent conditions (w ith th e  excep­
tion  of Experim ent 3). T he second design was an air-sparging experim ent to  study  
exchange under dynam ic conditions in which the  vapor phase is dispersed through 
the  liquid phase in vertical bubble columns. In these experim ents, the goal was to 
evaluate the  ra te  of m ass transfer of stable isotopes and tritiu m  from the  liquid 
phase to  the  vapor phase.
Box Experiments
T he box experim ents were designed to  provide inform ation on the  isotopic 
transfer rates between liquid w ater and its vapor in a  closed system  based on the 
w aters’ exposed surface area, volume, and tem pera tu re . Five experim ents were 
conducted by allowing beakers of water of specific and known isotopic com position 
and salinity to  equilibrate under controlled conditions w ithin a  closed system  
(box). Isotope exchange between beakers occurred through the  vapor phase by 
removal and deposition of w ater molecules to  and from  th e  liquid surface. Under 
these conditions, th e  exchange and evaporation /condensation  rates depend on the
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isotopic and energy gradients existing between the  phases, and the  surface area 
to  volume ratios of the liquid phase.
Five experim ents were conducted, (denoted Experim ents 1 through 5), each 
w ith a  specific set of initial conditions and w ater chem istries. T he five experim ents 
had the  comm on a ttr ib u tes  of high hum idity, closed atm ospheres, constan t (but 
varied) tem pera tu res, sim ilar salinities, and waters with a wide range of stable 
isotope com positions and tritiu m  concentrations to  facilita te  the  exchange process. 
B oth liquid (beaker) and vapor (box atm osphere) samples were taken over tim e 
to  m easure individual isotope exchange rates and liquid-vapor equilibria  produced 
by the  five experim ental designs.
A ssum ptions for the application of equations (13) and (15) to the  box experi­
m ents are:
•  diffusion, transfer of w ater molecules is the  dom inant process.
•  the  system  is closed to  energy gradients.
•  change in w ater content of the  liquid phases is negligible.
•  the  liquid and vapor phases are well mixed.
Equipm ent
Two box designs were used in these experim ents; the  first was used for 
E xperim ent 1, and the second was used for subsequent experim ents.
T he first design employed was a glove box constructed of 1/2 inch thick Plex­
iglas screwed to  a  interior wooden fram e (inside dimensions: 0.60 m length x 0.48 
m w idth x 0.37 m height, interior volume ~  107 liters). T he box was sealed along
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its fram e with silicon sealant, and was fitted  w ith a 0.08 m 2 door for access.
T he second box design was used in Experim ents 2 through 5, and differed from 
the  box used in the  first experim ent in th a t  1) all acrylic construction removed 
the  vapor sink effects of the  wooden fram e, 2) new dimensions (0.90 m length x 
0.60 m  w idth x 0.55 m height, interior volume ~300 liters) provided 2.8 tim es the 
volum e of the  first box, 3) no glove ports were installed, 4) 10 m m  vapor ports 
were installed in the  doors to allow vapor sam pling. This design provided more 
control of w ater vapor loss resulting in a  constan t high hum idity  of g reater than  
95 % for Experim ents 2 through 5.
T he boxes for Experim ents 3-5 were modified by drilling two 15 m m  holes into 
the top of each box for rem ote sam pling access; this reduced loss and dilution of 
the box atm osphere by sam pling through the  door. This also allowed the  doors to 
be sealed with silicone during the  experim ents to reduce loss of w ater vapor from 
the  system , however, it was no longer possible to  m easure F/ (fraction of liquid 
rem aining) a t each sam ple time.
All boxes were m onitored with m ercury therm om eters and one of two hygrom ­
eters, either a  diaphragm  or digital type.
Sam pling
Liquid samples for stable isotope analysis of the exchange waters were taken 
for Experim ents 1 and 2 by removing the beakers from the  box and ex tracting  
four lOyuL aliquots from each water using micro capillaries. Each beaker was also
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weighed on an analytical balance to  provide a  record of w ater loss (F/) during 
the  experim ents. Liquid samples for stable isotope analysis of exchange w aters in 
Experim ents 3 through 5 were taken rem otely by lowering th e  capillaries into the 
box through th e  sam pling ports set in to  the  box tops. Liquid sam ples for tritium  
analysis requires larger sam ple volumes (~0 .5  to  1 mL a t the  elevated tritiu m  
levels of these waters), and this sam pling was consequently perform ed only a t the 
beginning and end of each experim ent.
Vapor sam ples were taken for Experim ents 2 through 5 only. Air samples 
for stab le  isotope analysis of the  box atm ospheres were obtained by connecting 
a one-liter glass globe (evacuated to  10-3 to rr) with tygon tubing  to  the  vapor 
port set in the  door. The globe was fitted  with a  teflon stopcock to  allow vacuum  
release and isolation of the unit after sam ple collection. Each one liter sam ple was 
allowed to equilibrate  for several hours with the box atm osphere, and was then 
sealed and transferred  to a laboratory  vacuum  line for ex traction . The one-liter 
sam ple volum e supplied sufficient condensed w ater vapor (~ 20  fj.L a t sa tu ration) 
for analysis of both <5 D and <518 0  which require 10 /iL  each.
Vapor samples for tritium  analysis were taken for Experim ent 5. This required 
the  removal of about 8 liters of sa tu ra ted  air (providing ~0 .8  ml of w ater), and was 
taken in one and two-liter glass globes. T he w ater from each globe was condensed 
individually, and m ixed before analysis.
T he analytical procedures used for stable isotope and tritiu m  analysis from 
both  vapors and liquids are presented in A ppendix C. W ith  the  exception of
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E xperim ent 3, excessive stirring and d isturbance to  the  air-liquid boundary was 
avoided.
Procedures
T he exchange waters were placed in cleaned, weighed Pyrex beakers for 
each of the  box experim ents. The beakers were p u t in the  boxes, and the  boxes 
sealed with dense plastic tape. All a ttem p ts  were m ade to place the  boxes in 
stable tem pera tu re  environm ents, and d istu rb  them  as little  as possible during 
equilibration.
In E xperim ent 1 th ree  beakers of w ater were equilibrated , and in Experim ents 
2 through 5, two aliquots of water were studied. The in itial conditions for these 
experim ents are given in Table 1. The beaker label heading in th is tab le  refers 
to  the type of w ater contained in th a t beaker. W ater A for all five experim ents 
(C am bric w ater) was obtained  from a post-shot well drilled near th e  core of the 
Cam bric event on the  Nevada Test Site, and was the  source of tritiu m  within 
all boxes. W aters B and C (Experim ent 1) were specifically chosen so th a t  they 
reflected the approxim ate mean center of isotopic mass, and a more depleted 
w ater, respectively (Table 1). W ater B (Experim ents 2-5) was distilled Pacific 
Ocean water chosen so th a t the  relative isotopic difference between W aters A and 
B rem ained large, and so th a t solute effects on the vapor pressure of w ater were 
m inim ized. T he in itial salinity  of each water for a given experim ent is given in 
Table 2. The ocean w ater contained only background tritium  values (<10 TU ).
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Table 2: In itial Conditions of Box Experim ents
Beaker f W ater 
Label Volume 
(m L)
Surface
A rea
(cm 2)
L t
(1 /cm )
EC £D
(/tm hos) ±
1.0 %o
818 0  
±
0.2 %o
TU
C H / ' H )
Experim ent 1, still air, 21 ± 1.0 ° c , rel. hum . > 85 %
A 457.47 71.25 0.156 420 -105 -12.8 95,077 ±  1138
Box 1 B 468.07 71.25 0.156 420 -34 +0.6 8.3 ±  3.6
C 468.99 71.25 0.156 420 +27.0 +9.0 6.8 ±  4
Experim ent 2, still air, 21 ± 1 . 0 ° C , rel. hum. >95 %
Box 1 A 529.99 71.25 0.134 455 -104 -13.0 86,690 ±  989
B 530.11 71.25 0.134 420 -7 -1.1 <10
Box 2 A 530.10 71.25 0.029 455 -104 -13.0 86,690 ±  989
B 530.04 8.70 0.029 420 -7 -1.1 <10
Box 3 A 132.22 71.25 0.336 455 -104 -13.0 86,690 ±  989
B 530.08 71.25 0.336 420 -7 -1.1 <10
Box 4 A 530.10 71.25 0.073 420 -104 -13.0 86,690 ±  989
B 132.5 8.70 0.073 420 -7 -1.1 <10
Experim ent 3, forced air, 22  ± 1 . 0°  C , rel. hum . > 95 %
Box 1 A 530.02 71.25 0.134 470 -50 -5.1 86,690 ±  989
B 530.56 71.25 0.134 425 -72 -10.1 <10
Experim ent Jh still air, 50 ± 2.0 °C , rel. hum . >95 %
Box 1 A 530.43 71.25 0.134 465 -103 -12.8 86,690 ±  989
B 530.28 71.25 0.134 400 -19 -2.8 <10
Experim ent 5, still air, 50 ± 2.0 °C , rel. hum. > 95 %
Box 1 A 530.14 71.25 0.134 470 -105 -13.5 86,690 ±  989
B 530.06 71.25 0.134 420 -10.0 -1.7 86,690 ±  989
t E xperim ent 1: A =  distilled ocean water, B =  Cambric water, C =  fog water 
E xperim ents 2-5: A =  Cambric water, B =  distilled  ocean water 
} L =  Surface area-volum e relations calculated from equation (13) 
for E xperim ents 1,3,4,5, and B ox 1 o f Experim ent 2, and from 
equation (14) for Experim ent 2, Boxes 2,3, and 4.
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E xperim ent 1
T his is the  only experim ent in which th ree beakers of w ater were equilibrated; 
Experim ents 2-5 used only 2 beakers. Com m unication betw een the  waters took 
place through the vapor phase for 76 days. The box was held a t a  constant 
tem p era tu re  of 21 ±  1.0 °C , and the  relative hum idity  rem ained above 85 percent 
over th e  course of the  experim ent.
T he surface areas and volumes of these three waters were all th e  sam e (Table 
1). T he three waters contained contrasting stable isotopic com positions; two were 
d iam etrically  opposed (W aters A and C), while W ater B was chosen to  have an 
isotopic com position close to  the  isotopic center of mass of the system . W ater 
A in itially  contained all of the tritium . This isotopic contraposition  allowed the 
process of exchange to be observed m ore readily.
E xperim ent 2
E xperim ent 2 was designed to  evaluate the  effects of w ater surface area and 
volum e on exchange rates between two waters; one tr itia te d  and depleted  in stable 
isotopes, the  o ther with only background tritium , b u t m ore enriched in stable 
isotopes. Four separate  boxes were used; the  initial configuration for each box is 
given in Table 1. Box 1 of th is experim ent replicated the the  surface area-volum e 
relationship  of Experim ent 1, while boxes 2, 3, and 4 had varied surface-area 
relationships (Table 1). The sam pling procedure was otherw ise identical to the 
first experim ent.
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E xperim ent 3
E xperim ent 3 was designed to  investigate th e  effect of a constan t a ir flow on 
the isotope exchange rates for the  sim ilar surface area-volum e relations. An air 
velocity of abou t 0.35 m eters/second was produced by placing a small air fan in the 
box. By inducing turbulence w ithin the  sa tu ra ted  boundary layer, the  exchange 
rates should increase. The air m ovem ent also reduced the surface tension of the 
water which would lead to higher exchange rates.
E xperim ent 4
The goal of th is experim ent was to study  the  changes in isotope exchange rates 
produced when a  constan t tem pera tu re  of 52 ±  1.5 °C was m aintained w ithin the 
box. H eat was applied through electrical resistance tape  w rapped around the box 
which was then  covered with insulating m aterial to  ensure constant tem peratu res. 
T he possibility th a t hot spots existed w ithin the  box was considered, and in tria l 
runs some localized differential heating was found. However, the  speed a t which 
isotopic equilibrium  was reached suggested th a t  if the  box and the  waters were 
therm ally  pre-conditioned, this effect could be m inim ized. This was done by p re­
heating th e  box and waters separately to  the  proscribed tem pera tu re , and then 
beginning the  experim ent. The door of th is box was sealed with silicon sealant 
because of the  increased vapor pressure.
E xperim ent 5
The design of this experim ent is much the sam e as Experim ent 4, w ith the 
exception th a t 7.0 liters of water were placed on the  floor of the box in order
39
to  produce an isotopically buffered atm osphere. T he w ater used was an equal 
m ix tu re  of the  two exchange waters, so th a t the  com position of the vapor was 
th e  sam e as it would have been w ithout this application. Using the buffered 
atm osphere was only possible under sim ilar surface area-volum e conditions. The 
greater surface area of the  flood w ater com pared to  th e  beakers severely lessened 
the  in itial evaporation of the beaker waters to  produce high hum idity  w ithin the 
box.
T he beakers were raised off the  floor of the  box to shield them  from direct 
heat, b u t were still im m ersed in the w ater m ixture. T he box with the  mixed 
w ater was allowed to equilibrate therm ally and isotopically for 24 hours before 
the  experim ent was begun.
Daily samples were taken because of the speed a t which the waters equilibrated. 
T hree 8-liter vapor samples were taken, once after initial equilibration w ith only 
the  flood w ater, once halfway through the experim ent, and once a t the  end. Eight 
liters of sa tu ra ted  vapor a t ~ 5 2  °C provided am ple liquid w ater for tritiu m  analysis 
of the  vapor phase. The flood waters were also sam pled a t the  sam e three points.
Bubble-M ediated Isotope Exchange
T hree separate experim ents were conducted using th is m ode of isotope tran s­
fer (R uns 1, 2, and 3). T hey were variable in length and initial isotopic composi­
tion of th e  liquid phase. T he first run began with an exchange water containing 
~  5000 TU (Federal drinking water standard  =  6154 T U ), the second and th ird
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tria ls were conducted w ith waters containing ~  630,000 TU so th a t  the  exchange 
rates could be evaluated for more elevated tritiu m  activities.
T he system atics of isotope transfer for bubble-m ediated exchange is sim ilar 
to  those observed in the  box experim ents; the  m ajor differences are 1) the  vapor 
phase was dispersed through the liquid phase in vertical bubble colum ns, and 2) 
the  n a tu re  of the  gas-liquid boundary was tu rbu len t.
Equipm ent
Figure 6 shows a schem atic of the  experim ental design which com prises two 
m ain parts. T he first is a satu ration  system  designed to m odify the  inpu t air 
(com pressed laboratory  air) to  a known isotopic com position and high absolute 
hum idity  for injection to  the  reaction vessel. T he second is the exchange portion, 
which contains the  w ater to be modified, an air diffuser and the  exhaust system .
T he sa tu ra tion  columns were constructed  of ex truded  acrylic 10 cm in d iam eter 
and 122 cm high, providing an effective volume of about 8 liters each. Each 
colum n is fitted  w ith a  removable lid secured by bolts set through a  collar on the 
columns; an o-ring set into each lid provides a water- and pressure-tight seal. The 
lids were each drilled and tapped  to accept two bore-through teflon tube  fittings 
for the vapor inpu t and ou tpu t lines; flexible 1 cm (i.d.) plastic tub ing  was used 
throughout.
W ith in  the  sa tu ra tion  system , stable vapor param eters were achieved by
SATURATION SYSTEM EXCHANGE SYSTEM
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Figure 6: Schem atic of the  bubble-m ediated tritium  exchange experim ent. The 
sa tu ra tion  system  produces high (>95 %) relative hum idity  w ater vapor of known 
isotopic com position through evaporation and exchange w ith W ater A. The tr i­
tium  transfer (liquid to  vapor) is induced in the  exchange vessel by a constant 
flux of sa tu ra ted , zero-tritium  air through the bulk liquid (W ater B).
passing a  constant flow of compressed air ( ~  15-20 % relative hum idity) through 
the  th ree  columns which were filled w ith w ater of known isotopic com position to 
produce a  vapor stream  of consistent and known isotopic com position.
T he inpu t air flow was dispersed in the columns through a 6 cm length of 
fibrous diffuser a t the bo ttom  of each column into a  bubble swarm  whose vapor 
was constantly  modified by exchange along the  length of the  columns. The bubble 
regim e in the columns was highly tu rbu len t, and a certain  am ount of recirculation 
of bubbles occurred before they rose to the  top and broke. As the  bubbles w ithin 
the  first column broke the  surface, the head pressure increased, and forced the 
airflow into the  second unit. M easurem ents indicated th a t th e  in itial air stream  
( ~  15-20 % rel. hum .) was sa tu ra ted  to  about 85 % by the first colum n, and to
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greater th an  95 % after the second column. The first column, then, was evaporated 
to  a  g reater degree than  the second and th ird .
As the  vapor left the  th ird  colum n, tem pera tu re , relative hum idity, and flow 
ra te  were m onitored and recorded. T em perature  and relative hum idity  m easure­
m ents were taken  w ith either a H anna Instrum ents 9065 or 9064 therm ohygrom ­
eter. A ir flow was m onitored with an Om ega Instrum ents Fl-214 glass-float ro- 
tom eter and controlled with an in-line gate  valve. Line pressure on the  inpu t side 
of the  colum ns was m easured w ith a  W ika pressure gauge. A t th is m onitoring 
s ta tion , one liter vapor samples were also taken for stable isotope analysis of the 
sa tu ra ted  (colum n) air stream . T he volume of w ater vapor condensed from these 
sam ples provided a  secondary check on the  absolute hum idity  of the  air stream  
for a  given tem pera tu re .
T he stab le  isotope com position of the  vapor from the colum ns was forced to 
equilibrium  w ith the  column w ater (W ater A, Figure 6); the  colum n w ater was 
thus chosen so th a t its equilibrium  vapor was isotopically enriched w ith respect to 
W ater B in the  exchange vessel; this dis-equilibrium  in stable isotope com position 
facilitated  the  study  of the exchange process. T he colum n w ater contained only 
background tritiu m  (<10 TU ), so th a t the vapor introduced to the  exchange vessel 
had a  constan t, high tritium  gradient w ith respect to  the exchange water.
T he second part of the  experim ental design was the exchange system  which was 
com pletely enclosed in a radioisotope fume-hood, and consisted of a  rectangular, 
acrylic reaction-vessel (38 liter volume) housed in a sealed acrylic containm ent
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box (Figure 6). W ith in  the  exchange vessel, the  modified air stream  which exited 
th e  th ree  columns was dispersed into the tr ita ted  w ater through a 50 cm flexible 
aera to r a ttached  to the floor of the  vessel. T he resulting  bubbles rose vertically 
through the w ater column with no recirculation w ith the  result th a t the  effective 
bubble pa th  was equal to  the  dep th  of w ater. T he containm ent box was fitted  
w ith a exhaust stack (d iam eter =  7.5 cm) which allowed the  vapor effluent to  en ter 
the  fum e hood. T he vessel and containm ent box were continuously m onitored for 
mass on a laboratory  platform  scale, and a record was kept of the  daily loss of 
exchange water.
Sam pling
Sam pling of both the reacting liquid and input and o u tp u t vapors was con­
ducted  a t regular intervals. O ne-liter vapor sam ples for stab le  isotope analyses 
were ex tracted  in glass globes (previously evacuated to  10~3 to rr) by releasing 
the  vacuum  within the atm osphere of interest. The globes were then  processed in 
the  in-house isotope laboratory. Details of the ex traction  and sam ple analysis are 
given in A ppendix C.
Liquid samples of the reaction water were taken by p ip e tte  through the vent 
on the  containm ent box for both  stable isotope and tritiu m  analysis. A typical 
liquid sam ple consisted of four 10 /zL m icro-capillaries for stab le  isotopes and two 
1 mL aliquots for tritiu m  analysis. Acquisition of a Liquid Scintillation Counter 
m idway through the  second run allowed more tritiu m  sam ples to  be taken.
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D irect tritiu m  analysis of the  exchange (exit) vapors was perform ed in Runs 
2 and 3 to  b e tte r  evaluate the efficiency of the  tritiu m  exchange. Transfer rates 
for the  first experim ent were estim ated  based on th e  loss of activ ity  over tim e of 
th e  reacting  w ater. M easurem ent of th e  vessel vapor exhaust for tritiu m  requires 
a  larger volum e of air than  for stable isotope analysis. W hile a one liter sam ple of 
sa tu ra ted  air (providing ~  20 fiL  w ater) suffices for the stable isotopic m easure­
m ents, approxim ately  20 liters of a ir ( ~  400 fiL  water) a t 21 °C are needed for 
tritiu m  analysis. The problem  posed is the  cap ture  of every w ater molecule w ithin 
a  specific volum e of air to provide a 1 ml sample. If the condition of com plete 
w ater cap tu re  is not m et, the sam ple will be, by definition, fractionated.
An in-line ex traction  technique was devised to  sam ple the w ater vapor from  
the  vessel exhaust for tritiu m  analysis, and so b e tte r  estim ate  the efficiency of the 
tritiu m  exchange process. The isolation of the  full fraction of w ater vapor from  a 
moving air stream  was achieved by a m ultip le cold-trap technique which utilizes 
a C 02-acetone slush (tem pera tu re  ~  -96 °C ) as the  condensing agent.
This m ethod was chosen over o ther ex traction  techniques (e.g., m olecular 
sieves, dessicants) because a t high efficiencies, the  cold-trap m ethod is non-fractionating. 
The cold trap  consisted of a series of glass finger tubes connected to  a copper coil 
w ith vacuum  tubing; this geom etry provided a  large enough surface area for com­
plete condensation of the  water vapor. T he vessel exit vapor was d iverted  in to  the 
cold tra p  by m eans of a  plastic tee and gate valve in the  exhaust line. T he flow 
ra te  for the  diversion was controlled by th e  gate valve and m easured with a Fischer
45
and P o rte r low-flow rotom eter; 1.5 lite rs /m inu te  was found to  be a  sufficiently low 
flow to  allow com plete ex traction  of the water fraction.
Procedures
An experim ental run consisted of passing a known flux of air through the  
sa tu ra tion  system  until the  vapor param eters reach steady  s ta te , and connecting 
th is o u tp u t to  the  reaction vessel filled with a  w ater of known stable isotopic 
com position and tritiu m  activity. M easurem ent of liquid, inpu t and ou tp u t vapor 
concentrations define the  mass balance of the system . In itial conditions for the
bubble-m ediated exchange experim ents are as follows:
•  air flow =  15 liters/m inu te .
•  relative hum idity  =  97to 99 %.
•  tem pera tu re  =  22 ±  1.2 °C .
•  line pressure =  22 ±  2 psia.
•  volume of tr itia te d  w ater =  30 liters.
T he stable isotopic com position of the input vapor was variable because of 
evaporation and isotopic enrichm ent of the colum n waters. T he evaporation ne­
cessitated replenishm ent of th e  column waters (colum n one in particu lar). Vapor 
sam ples both before and after replenishm ent were taken so th a t a  record could be 
kept of the  change in the isotope com position of the  inpu t vapor.
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Bubble Param eters
T he air bubbles were generated through a flexible m ulti-nozzle aera to r fixed 
near the  bo ttom  of the exchange vessel (Figure 6, page 42). T he bubbles released 
from  the  aera to r were well behaved a t the chosen flow rate. T h a t is, there  was lit­
tle  recirculation or turbulence, although enough existed to  m ain ta in  a  well m ixed 
liquid. It was not necessary to  use optical or photographic m ethods to  estim ate  
bubble velocities; th e  shallow w ater depth  (21 cm) and linear rise allowed rea­
sonably good estim ates to  be m ade w ith a  stopw atch. Visually, the  bubbles were 
found to  move through the 21 cm depth  of w ater in an average tim e of about 
2 seconds, giving a first approxim ation of bubble velocity of betw een 10 and 11 
cm /sec. Further, the shallow depth  of w ater also allowed the changes in volume 
and pressure w ithin each bubble to be ignored which simplifies the  mass transfer 
calculations. For exam ple, over a 29.5 cm bubble rise (bubble d iam eter =  0.7 
m m ) a  to ta l increase in volume of less than  one-half of one percent was observed 
for single air bubbles in tap  water [M otarjem i and Jam eson , 1978].
T he relationship  between bubble rise velocity and bubble d iam eter for small 
rigid spheres (Stokes law) and results from H aberman  [1956] and M otarjem i [1978] 
is shown in Figure 7. The bubble size-velocity relations from this work (diame- 
ter= 3 .1  m m , velocity=10.5 cm /sec.) are in good agreem ent w ith Figure 7. In­
dividual bubble volumes are estim ated  based on the  average d iam eter (3.1 m m) 
giving an averaged bubble volume of 0.017 cm3, from which an aggregate surface 
area per second of exposure of 4700 cm 2 is estim ated.
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Figure 7: Relationship between bubble rise velocity and bubble d iam eter for small 
bubbles in tap  water. D otted  line is modified from H aberm an (1956) and M otar­
jem i and Jam eson (1978). Solid line is Stokes Law for small rigid spheres.
48
R e su lts
T he results of the  Box experim ents are presented in Tables 3-7 giving the  
isotopic evolution of th e  exchange waters for a particu lar experim ent, in addition  
to  a <S18 0  - 6 D graph of the  exchange w aters for each box configuration. The 
results for the  air-sparging experim ents are presented on page 68.
Box Experiments
Experim ent 1
T he results for Experim ent 1 are tabu la ted  in Table 3. A pproxim ately 30% of
the  to ta l w ater mass was lost during th is experim ent, bu t high hum idity  w ithin
0
th e  box lessened the effect of evaporation on the  isotopic evolution of th e  exchange 
waters.
As the  th ree  w aters equilibrated  isotopically over the  76 day period, W aters A 
and C asym ptotically  approached an isotopic stable s ta te , close to th a t of W ater 
B. W ater A, the  m ost depleted in both  <5D and <5180  (-105 °/ooa,nd -12.8 °/0o, 
respectively) becam e enriched in <5D by 60 per mil, and increased 12.8 per mil 
in 8180 .  However, th is enrichm ent was caused by an isotopic flux ra th e r than  a 
net loss of vapor (evaporative enrichm ent) since the  isotopic center of mass only 
changed by several per mil over the 76 day period.
The relationship between the  isotopic shifts for the th ree waters and th e  m e­
teoric w ater line (M W L) [Craig, 1961] is shown in Figure 8.
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T able  3: R esu lts  for Box E x p erim en t 1
Same Volumes: ~470 ml
Same Surface Areas: 71.3 cm 2
A nalytical error: ±  1.0 %o £ D , ±  0.2 °/oo 6180 .
Day W ater(m l) F\ 8T) 818 0 TU
W ater A
0 475.47 100 -105 -12.8 95,077 ±  1138
5 455.01 96 -96 -11.0 —
8 445.53 94 -93 -10.1 —
19 419.95 88 -81 -7.2 —
29 402.28 85 -73 -5.1 —
39 387.22 81 -66 -3.8 —
49 373.43 79 -58 -2.5 —
57 363.12 76 -54 -1.5 —
67 352.24 74 -49 -0.6 —
76 342.76 72 -45 0.0 37,846 ±  492
W a te r  'B
0 468.07 100 -34 +0.6 8.3 +  4
5 448.35 96 -32 +0.7 —
8 439.72 94 -33 +1.4 —
19 415.56 89 -32 +1.2 —
29 398.12 85 -36 +  1.6 —
39 382.94 82 -35 +1.8 —
49 368.74 79 -34 +2.0 —
57 357.96 77 -34 +2.0 —
67 346.71 74 -33 +2.4 —
76 336.95 72 -34 +2.2 19,138 ±  307
W a te r  C
0 468.99 100 +27 +9.0 6.8 ±  4
5 449.08 96 +20 +8.7 —
8 440.37 94 +  17 +8.3 —
19 415.54 89 +4 +7.0 —
29 397.07 85 -4 +6.3 —
39 380.44 81 -10 +5.3 —
49 364.99 78 -17 +4.7 —
57 353.22 75 -19 +4.4 —
67 340.39 73 -22 +4.0 —
76 329.25 70 -24 +3.7 19,169 ±  430
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Figure 8: Evolution of isotopic signature w ith tim e of th ree isotopically different 
waters under constan t hum idity  and tem pera tu re  conditions. A theoretical evap­
oration line (long dashes) is com puted for the sam e in itial isotopic com position as 
W ater A, and a  30% w ater loss. The addition of a kinetic effect a t 85% hum id­
ity (short dashes) affects the slope and m agnitude of th is line only slightly. The 
arrows indicate the  direction of the isotopic trends for waters A and C.
W ater A appears to have undergone an evaporative shift. However, the  theo­
retical evaporation trend  for this w ater (long dashed line), calculated w ith 20 °C 
fractionation factors a t a net water loss of 30% for both  species, suggests th a t 
exchange has appreciably affected this water. The tritiu m  concentration of W ater 
A decreased from  95,077 TU to 37,846 TU. T he direction of change in tritiu m  for 
W ater A contrad icts the  expected evaporative enrichm ent of the liquid phase.
This suggests th a t vigorous isotopic exchange w ith the am bient vapor occurred
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even though the vapor in itially  contained no tritium . W aters B and C initially 
contained very little  tritiu m  (8.3 and 6.8 TU , respectively) and these values in­
creased to  over 19,000 TU  for bo th  waters.
T he 5 D and S18 0  values for W ater C becam e m ore depleted  by 51 per mil 
and 5.3 per mil respectively. Therefore the stable isotopic changes in W ater C 
also revealed a non-evaporative shift, indicating th a t  the  30% drop in F/ had little  
or no effect on the direction of isotopic shift. This is again caused by an isotopic 
re tu rn  flux, ra ther than  a w ater volume flux associated w ith an evaporative shift 
in A D /A 180 .  W ater B was initially  very close to the  isotopic center of mass of the 
system  and underw ent only a  slight enrichm ent in 6180  (1.6 per m il), while the  6D 
values rem ained essentially constant. T he isotopic center of mass for the  system  
was calculated by mass balance for each sam pling tim e; th is value deviated  from 
the  m ean by only 3 per mil in <5D and 4 per mil in 6180 ,  indicating th a t evaporation 
did not cause an appreciable effect in the  observed isotopic shifts.
Even when the  fractionation factors are adjusted for a kinetic effect a t 82 per 
cent hum idity  (short dashed line, Figure 8), the m agnitude of the  actual d a ta  
line is still about twice th a t of the  line calculated for evaporation, indicating th a t 
exchange strongly influenced W ater A. Clearly, the  isotopic ad justm ent of this 
w ater to the  surrounding atm osphere is caused by exchange, ra th e r than  a  net loss 
of w ater. The theoretical lines can also be calculated for W aters B and C with 
sim ilar results. W ater C roughly parallels the MWL bu t trends in the opposite 
direction of W ater A. W aters A and C trend inwards towards the  isotopic center
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of mass of the  system , approxim ated by the position of W ater B. Isotopic values 
for the  steady s ta te  case are obtained by ex trapo la ting  the trends in Figure 8 
towards the  point of m utual intersection; for th is experim ent they are:
6D (% ,) =  -34, <5180  (% ,) =  +2.6 , TU =  25,000 
E xperim ent 2
T he results for Experim ent 2 are shown in Table 4 as separate  d a ta  blocks 
for the four different boxes in this experim ent. T he evaporation was much b e tte r  
controlled in these experim ents because of the  im proved box design. W ith in  each 
box, W ater A (<5D =  -104, (S180  =  -13.0, tritium  concentration ~86,000 TU ) was 
allowed to  equilibrate  with W ater B (<5D =  -7, <5180  =  -1.1, tritiu m  concentration 
<10 TU ) over a  54 day period at 22.5 ±  1.0 °C .
Box 1 contained beakers with the same volume and surface area for both 
waters, the sam e configuration as in Experim ent 1. This was done to check the 
reproducibility  of the  experim ent. W ater A experienced an isotope shift of 34 per 
m il in <5D (-104 %oto -94 °/0o) and W ater B underw ent a 23 per mil shift in 5180  
(-7 % 0to -30 % 0); these results are graphed in Figure 9. W ater B, which initially 
contained no tritium , absorbed about 28 percent of the to tal tritium  inventory of 
86,690 TU  for this box. These results com pare well w ith those from E xperim ent 1. 
No appreciable differences in results were found because of the  larger box volume. 
In general, the  w ater losses were less than  for the  first experim ent.
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T able 4: R esu lts  for Box E x p erim en t 2
B O X  1
Same Volumes: 530 ml
Same Surface Areas: 71.3 cm 2
A nalytical error: ±  1.0 %o £ D , ±  0.2 °/0o <5180 .
Day W ater (ml Fi <5D <5180 TU
W a te r  A
0 529.99 100 -104 -13.0 86,690 ±  989
4 518.61 97.9 -98 -11.7 —
10 510.06 96.2 -95 -11.0 —
IS 501.91 94.7 -89.5 -10.5 —
28 492.80 93.0 -82 -9.9 —
38 484.88 91.5 -79 -8.7 —
45 479.05 90.4 -76 -8.3 —
54 468.63 88.4 -70 -7.7 62,008 ±  412
W a te r  B
0 530.11 100 -7 -1.1 <10
4 519.10 97.9 -10 -0.8 —
10 510.SO 96.4 -13 -1.6 —
18 503.24 94.9 -16 -2.3 —
28 495.12 93.4 -20 -2.3 —
38 488.28 92.1 -26 -3.2 —
45 483.30 91.2 -29 -3.1 —
54 473.91 89.4 -30 -3.0 24,512 ±  284
V a p o r
10 -131 -21.6 —
28 -136 -19.5 —
38 -137 -21.2 —
45 -132 -17.1 —
54 -134 -17.8 —
C e n te r  o ■ I s o to p ic  M a ss
0 -55.45 -7.04 —
4 -52.46 -6.39 —
10 -52.50 -5.90 —
18 -55.42 -6.64 —
28 -51.90 -6.09 —
38 -52.39 -5.94 —
45 -52.40 -5.69 —
54 -49.89 -5.34 —
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T able 4 con tinued
B O X  2
Same Volumes: 530 ml
Different Surface Areas: W ater A =  71.3 cm 2, W ater B =  8.7 cm 2 
A nalytical error: ±  1.0 % 0 <SD, ±  0.2 ° / o o < 5180 .
Day W ater(m l) Ft 6 D <5180 TU
W a te r  A
0 530.10 100 -104 -13.0 86,690 ±  989
4 527.74 99.6 -102 -12.7 —
10 525.77 99.2 -103 -12.3 —
18 523.97 98.8 -99 -12.4 —
28 521.39 98.4 -97 -12.1 —
38 519.53 98.0 -98 -11.8 —
45 518.77 97.8 -98 -11.6 —
54 515.77 97.3 -94 -11.1 79,507 ±  460
W a te r  B
0 530.11 100 -7 -1.1 <10
4 519.10 97.9 -3 -0.7 —
10 510.80 96.4 -6.65 -0.0 —
18 503.24 94.9 -4.5 -0.6 —
28 495.12 93.4 -6 -0.2 —
38 488.28 92.1 -8 -0.1 —
45 483.30 91.2 -8 -0.3 —
54 473.91 89.4 -7 +0.6 6390 ±  193
V a p o r
-18.6
-16.9
-16.4
-14.4
-110
-110
-118
-107
I s o to p ic  C e n te r  o f  M a ss
0 -55.50 -7.05 —
4 -52.90 -6.75 —
10 -55.44 -6.24 —
18 -52.67 -6.61 —
28 -52.66 -6.30 —
38 -54.39 -6.13 —
45 -54.57 -6.15 —
54 -52.35 -5.50 —
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T able 4 con tinued
B O X  3
Different Volumes: W ater A =  132.5 m l, W ater B =  530 ml
Same surface Areas: 71.3 cm 2
A nalytical error: ±  1.0 °/00S D ,  i  0.2 °/00^ 18O .
Day W ater(m l) F t 6D 6lsO TU
W a te r  A
0 132.22 100 -104 -13.0 86,690 ±  989
4 122.18 92.4 -88 -10.2 —
10 114.21 86.4 -71 -7.3 —
18 107.10 81.0 -53 -5.6 —
28 98.26 74.3 -38 -3.4 —
38 91.18 69.0 -30 -2.1 —
45 86.81 65.7 -24 -1.3 —
54 80.94 61.2 -22 -0.5 30,103 ±  349
W a te r  B
0 530.08 100 -7 -1.1 <10
4 517.84 97.7 -7 -1.1 —
10 508.30 95.9 -12 -1.3 —
18 499.68 94.3 -14 -1.5 —
28 489.05 92.3 -15 -1.4 —
38 480.05 90.6 -18 -1.5 —
45 474.65 89.5 -16 -1.2 —
54 465.99 87.9 -17 -0.7 13,410 ±  232
V a p o r
-127
-118
-111
-112
-110
- 21.0
-17.5
-13.4
-14.3
-13.6
I s o to p ic  C e n te r  o f  M a ss
0 -26.34 -3.47 —
4 -22.46 -2.84 —
10 -22.81 -2.40 —
18 -20.89 -2.22 —
28 -18.84 -1.73 —
38 -19.91 -1.60 —
45 -17.22 -1.21 —
54 -17.74 -0.67 —
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T able 4 con tinued
B O X  4
Different Volumes: W ater A =  530 m l, W ater B =  132.5 ml 
Different Surface Areas: W ater A =  8.7 cm 2, W ater B =  71.3 cm 2 
A nalytical error: ±  1.0 % o 6 D , ±  0.2 % , <5180 .
Day W ater (ml) Fi 6T> <5180 TU
W a te r  A
0 529.97 100 -104 -13.0 86,690 ±  989
4 527.10 99.5 -103 -12.3 —
10 524.77 99.0 -101 -12.2 —
18 522.68 98.6 -99 -12.3 —
28 520.25 98.2 -98 -12.0 —
38 518.12 97.8 -98 -11.6 —
45 516.54 97.5 -95 -11.3 —
54 513.59 96.9 -94 -10.6 66,007 ±  525
W a te r  B
0 132.69 100 -7 -1.1 <10
4 117.49 88.5 -4 +0.1 —
10 104.57 78.8 -5 +0.5 —
18 92.06 69.4 -7 +0.7 —
28 75.96 57.2 -9 +  1.3 —
38 61.47 46.3 -11 +  1.6 —
45 49.24 37.1 -7 +2.4 —
54 26.66 20.1 + 2 +4.4 21,217 ±  307
V a p o r
10 -106 -18.0 —
28 -111 -14.9 —
38 -109 -11.9 —
45 -112 -14.1 —
54 -105 -11.6 —
Iso top ic C e n te r  o f  M a ss
0 -84.63 -10.62 —
4 -85.01 -10.05 —
10 -85.10 -10.10 —
18 -85.21 -10.35 —
28 -86.78 -10.32 —
38 -88.83 -10.21 —
45 -87.37 -10.11 —
54 -89.36 -9.87 —
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Figure 9: 618 0  - 6 D  relations for Experim ent 2, Box 1. W aters A and B had 
sim ilar surface areas and volumes.
Box 1 underw ent an evaporative loss of about 10 per cent to ta l w ater mass 
com pared to  the 30 percent lost in Experim ent 1 (same surface area-volum e rela­
tions). In Experim ent 1, the  ratio  of isotopic shifts A /B , when ad justed  for the 
sam e tim e period (~ 54  days) were: ^ teJrQ =  51/46 ~1.1  in <5D and 11.3/4.6 ~ 2 .4  
in 6180  . For Experim ent 2, the same ratios are 1.4 in 6 D , and 2.8 in <5180  
which agree reasonably well, and probably differ because of the  slightly sm aller 
in itial volumes in Experim ent 1, and because the evaporation ra te  for the  second 
experim ent was b e tte r  controlled.
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Figure 10: 618 0  - 8 D relations for Experim ent 2, Box 2. W aters A and B had 
the  sam e volumes, bu t different surface areas.
For the  case of same volume, different surface areas (Box 2, Figure 10), W ater 
A underw ent a 10 per mil shift in <5D (-104 °/00to -94 °/00), and shifted 1.9 per mil in 
<$18 0 ,  while W ater B, having one eighth the  surface area of W ater A, experienced 
no appreciable shift in either £180 o r  <5D. W ater A lost abou t one percent of its 
tritiu m  activ ity  to  W ater B over the 54 day period. It was not possible to resolve 
the  expected 8:1 shift in <5D, 818 0 ,  or tritium  activities from  these da ta . W ater 
A experienced a to ta l water loss of about 3 percent, while W ater B lost about 10 
percent of its initial mass. Vapor concentrations were generally found to  be in 
isotopic equilibrium  with the center of mass calculations.
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In Box 3, the  case of different volumes and sam e surface areas (F igure 11) 
forced a  shift in w ater A of about 12.5 and 82 per mil in <518 0  and <5D, respectively, 
while W ater B, a t four tim es th e  volume, shifted only by 0.4 and 10 per m il for 
the sam e isotopes. T he ending tritiu m  d istribu tion  for this experim ent (Table 
3) confirms the  4:1 volume ratio , and indicates th a t the long-term  d istribu tion  
of isotopes for a closed system  is a function of volume. T he volum e-distribution 
relationship is less clear for the  stable isotope com positions because the  center of 
mass shifted by 2.8 and 8.8 per mil in <S18 Oand £D , respectively.
T he mass of water lost from the system , however, also reveals a  4:1 volume 
ratio  between W aters B and A (Table 4). T he effect of the  different volumes on 
the isotopic shifts is stark  as shown in Figure 11. W ater B follows a pa th  opposite 
th a t of W ater A in stable isotope shifts until reaching close to  the  m ean isotopic 
com position of the  system , and then  turns away from the  m eteoric w ater line 
subparallel to  the  trend  of W ater A.
T he results for Box 4 reflect the combined effects of different surface areas 
and volumes (W ater A =  530 ml, 8.7 cm 2, W ater B =  132.5 ml, 71.3 cm 2), and 
are graphed in Figure 12. The surface area-volum e ratios (A /B ) were 4:1 and 
1:8 respectively. W ater A underw ent 10 and 2.6 per mil shifts in deuterium  and 
oxygen, respectively, while W ater B experienced 9 and 5.5 per mil shifts for the 
same isotopes. T he ending tritium  inventory indicates th a t W ater B accepted 24 
percent of the to tal beginning activity. W ater A lost about 4 percent of its in itial 
w ater mass, while W ater B lost about 80 percent.
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Figure 11: <5180  - 6 D relations for Experim ent 2, Box 3. W aters A and B had 
different volumes, b u t sim ilar surface areas.
T he combined effect of differing surface areas and volumes appears difficult to 
resolve w ith the  observed data . From the 25 percent loss in tritiu m  activ ity  for 
W ater A, it seems possible th a t  th e  long-term  effect of volum e dependence (4:1) 
on the  overall isotopic com position may dom inate the  more instantaneous effect 
of surface area (1:8) when these param eters com pete w ith each o ther, bu t th is is 
difficult to justify  based only on these data . From Figure 12 it is clear th a t W ater 
B shifted m ore in 618 0  and <5 D than  W ater A, even though its surface area was 
one-eighth th a t of W ater A. This suggests th a t the shift was dom inated by the
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Figure 12: <518 0  - 6 D relations for E xperim ent 2, Box 4. W aters A and B had 
different surface areas and volumes.
differences in volume (W ater A =530 ml, W ater B=132.5 ml).
E xperim ent 3
E xperim ent 3 was designed to  estim ate  the effect of convection on the  observed 
isotope exchange rates; the initial conditions for this experim ent were identical to  
E xperim ent 1, and Box 2 of Experim ent 2, with the exception of the  air flow, and 
different in itial w ater com positions. T he results for this experim ent are given in 
Table 5. F igure 13 shows the  6180  - 6D  relations for this experim ent.
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T able 5: R esu lts  for Box E x p erim en t 3
Same Volumes: W ater A =  530 ml, W ater B =  530 ml
Same Surface Areas: W ater A=71.3 cm 2, W ater B =  71.3 cm2
Air Flow ~0 .3  m eters/second
A nalytical error: ±  1.0 %o <$D, ±  0.2 °/00 S180 .
Day <5D O'! 00 o TU
W a te r  A
0 -71 -10.1 86,690 ±  989
5 -67 -8.3
14 -61 -7.4
19 -60 -7.1
33 -58 -6.9
45 -58 -6.8 56,034 ±  590
W a te r  B
0 -50.0 -5.5 <10
5 -53 -6.7
14 -59 -7.3
19 -58 -7.3
33 -58 -6.9
45 -58 -6.9 31,040 ±  756
D uring Experim ent 3, localized condensation of the  box atm osphere onto the 
walls and floor of the box may have allowed droplets of w ater to  fall back into 
the  beakers. Also, the increase in surface area created by the  skin of w ater on 
the  box was a  concern. Because this w ater was formed in equilibrium  with Rv 
(a constan t), its effect is not seen as shifts in isotopic com position (Figure 13). 
A bout 46 percent of the to ta l w ater mass was lost from the beakers, two th irds of 
which was retu rned  to the  liquid phase in the  form of condensation.
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Figure 13: <5180  - <5 D relations for E xperim ent 3. W aters A and B had sim ilar 
surface areas and volumes under conditions of convecting air.
E xperim ent 4
T he stab le  isotope results of Experim ent 4 are shown in Table 6. The addi­
tion of heat produced com peting effects on the exchange rates w ithin the  boxes. 
F irs t, th e  higher vapor pressure of w ater produced larger fluxes across the  air- 
w ater boundary, increasing the  exchange efficiency. Second, since the  equilibrium  
exchange fractionation factor is inversely dependent on tem pera tu re  (higher tem ­
pera tu res cause lower fractionation factors), th is to some degree counteracted
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T able 6: R esu lts  for Box E x p erim en t 4
Same Volumes: W ater A =  530 m l, W ater B =  530 ml 
Sam e Surface Areas: W ater A=71.3 cm 2, W ater B =  71.3 cm 2 
T em perature =  52 ±  2 °C .
A nalytical error: ±  1.0 ° /o o ^ D ,±  0.2 °/oo £18 0  .
Day <5180 TU
W a te r  A
0 -103 -12.8 86,690 ±  989
5 -86 -10.1
14 -60 -6.3
19 -56 -5.8
33 -52 -4.2
45 -53 -2.8 44,354 ±  690
W a te r  B
0 -19 -2.8 <10
5 -32 -4.0
14 -52 -5.3
19 -52 -5.1
33 -52 -3.7
45 -49 -2.1 39,669 ±  756
the  increase in isotope transfer of the  w ater. As w ith E xperim ent 3, localized con­
densation created  a possible return  path  of condensing liquid back to the beakers. 
W hile th is probably occurred to some ex ten t, the  effects of a re tu rn  flux is no t seen 
in the  shifts in isotopic composition (Figure 14). Localized differential heating of 
the box caused W ater B to be com pletely evapoi'ated by the  end of the  experi­
m ent. W ater A shifted 50 per mil in deuterium  and 10 per mil in oxygen, while 
W ater B underw ent changes of 30 per mil and 0.7 per mil in the  sam e isotopes 
(F igure 14).
65
-20
W ater B
-35
-50
a>
Q -65
W ater A-80
Analytical Error
-95 ± 1.0 %«5D
±0.2 %o8 18-0
-110
-14.0 - 12.0 - 10.0 - 2.0- 8.0 - 6.0 -4.0
Delta 18-0
Figure 14: S18 O - 8 D relations for Experim ent 4. W aters A and B had sim ilar 
surface areas and volumes at a constant tem pera tu re  of 52 ±  2 degC.
T he shift in <51S 0  for W ater B shows a reversed trend , becoming initially 
m ore depleted , and then  becoming slightly more enriched. A dditions of liquid to 
the  beakers from condensation may also com plicate these results. T he tritiu m  
inventory for this experim ent shows th a t the  tritia ted  w ater gave up about 50 
percent of its activ ity  to  the  non-radioactive water.
E xperim ent 5
T he results for E xperim ent 5 are sum m arized in Table 7.
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T ab le  7: R esu lts  for Box E x p e rim e n t 5
Same Volumes: W ater A =  530 ml, W ater B =  530 ml 
Same Surface Areas: W ater A =71.3 cm 2, W ater B =  71.3 cm 2 
Flood W ater=3.5  liters of each W ater A and B.
T em peratu re  =  52 db 2 °C .
A nalytical error: ±  1.0 %o <5D, ±  0.2 °/0o <5180 .
Day SB Sl80 TU
W a te r  A
0 -102 -12.9 86,690 ±  989
1 -97 -12.2
2 -92 -11.6
3 -88 -11.1
4 -86 -10.5
5 -83 -10.1
6 -81 -10.0
7 -80 -9.6
9 -75 -8.4
14 -70 -7.9
17 -66 -7.8
24 -58 -7.0
27 -58 -7.2 47,889 ±  690
W a te r  B
0 -13 -2.0 <10
1 -17 -2.5
2 -22 -2.8
3 -26 -3.0
4 -36 -3.5
5 -33 -3.8
6 -34 -4.0
7 -36 -4.3
9 -42 -4.8
14 -46 -5.0
17 -49 -5.6
24 -51 -6.0
27 -54 -7.0 44,354 ±  690
F o o d  W a te r
0 -56 -7.4 43,325 ±  873
8 -55 -6.6 44,164 ±  892
18 -55 -7.0 43,980 ±  364
V a p o r
0 -19 -2.8 41,138 ±  570
8 -32 -4.0 42,574 ±  658
18 -52 -5.3 42,254 ±  355
De
lta
 
D
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Figure 15: 518 0  - 6 D relations for E xperim ent 5. W aters A and B had sim ilar 
surface areas and volumes a t a  constant tem pera tu re  of 52 ±  degC. T he a tm o­
sphere was buffered with a  7.0 liter m ix ture of W aters A and B on the  floor of the 
box.
T he buffering effects of the flood w ater are clearly seen in Figure 15, where the  
two exchange trends have sim ilar m agnitudes and forms. In addition , since vapor 
and flood-water samples were taken, an assessm ent of the evolution of condensing 
vapors is possible, as well as an assessm ent of the fractionation factor for tritiu m  
at 52 °C . W ater A shifted 44 °/00 in 8 D and 5.7 °/°o in <$180  , while W ater B 
showed shifts of 41 %o and 5 °/0o in the  sam e isotopes.
Upon com pletion of this experim ent (27 days), W ater A was found to  have 
lost 1.38 ml of w ater, while W ater B lost 0.99 nil of water. T he tr itiu m  inventory
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of this experim ent indicates th a t tritiu m  was enriched in the  liquid phase due to 
evaporation. Fractionation factors calculated from the  vapor and liquid tritium  
concentrations listed in Table 7 yield th e  following values: day 0=1.053, day 
8=1.037, and day 18=1.041, and their m ean value is 1.044. Previous studies of 
th e  relative vapor pressure of H TO  versus H 2O a t 50 °C indicate  th a t  the  value 
ranges from  1.057 to  1.063 [Price, 1958; Sepall and M ason, 1960; Sm ith  and Fitch, 
1963]. T he results of this work thus agree to  w ithin abou t 3 percent of the  quoted 
values.
Bubble-M ediated Tritium Exchange-Results
T hree  separa te  ex tractions were perform ed with the  sam e design and air flow 
rates, bu t w ith different initial tritiu m  activities. Run 1 began w ith abou t 5,000 
TU , and was in operation continuously for 43 days. Runs 2 and 3 began w ith about 
630,000 TU , and lasted 57 days and 26 days, respectively. T he air flow ra te  for all 
th ree  trials was 15 lite rs/m inu te , and was accurate to  ±  0.35 lite rs /m inu te . The 
colum n air stream  was found to be a t 97-99 percent sa tu ra tion  for all th ree  trials. 
T he to ta l m easured evaporation of column waters averaged abou t 0.34 liters/day . 
This agrees well with the value estim ated  from the daily air flow (21,600 lite rs/day ) 
and the  initial relative hum idity  of the  laboratory air (20 percen t), which yields 
abou t 0.3 liters/day . An average ratio  of the  water consumed (used to  hum idify 
the  air stream ) to  the  w ater trea ted  (30 1) of 1/3 was recorded. T he evaporation 
ra te  w ithin the  exchange vessel itself was 0.09 liters/day , and is a ttr ib u ted  to
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free surface evaporation, as well as transfer of aerosol sized w ater packets in the 
sa tu ra ted  effluent, and th e  slight undersatu ration  in the  air stream .
Isotopic R esults
Table 8 shows the  stable isotope results for th e  th ree  runs of th is experim ent. 
T he stab le  isotope results ind icate  th a t the  liquid phase and the  exit vapors were 
in equilibrium  at all tim es. The fact th a t  equilibrium  between the  liquid and vapor 
phase for stable isotopes was observed over a relatively short bubble pa th  length 
is consistent with the  diffusion results of Figures 3 and 4. T he calculated fraction­
ation  factors are com pared to  accepted values of a p = \ .07990, and a iso ^ l-0 0 9 2 3  
a t 24.5 °C [Baertschi and Thiirkauf’ 1960; Craig, Gordon and Horibe, 1963].
Com parison of the  m ean stable isotope fractionation factors calculated for each 
run (Table 8) reveals only a one-half of one percent deviation from the accepted 
values for deuterium ; the  variations in Qie0 are even less. These results confirm 
th a t the  flux out of the  vessel was in stable isotopic equilibrium  a t all tim es, and 
th a t for a  one-stage exchange column of this geometry, the  efficiency of the system  
is a t a  m axim um .
The observed fractionation factors a p  and aie0 are graphed in Figure 16 A 
and B. T he mean vapor and w ater tem peratures are both scaled to  be viewed on 
the sam e graph; little  correlation between tem pera tu re  and fractionation  factor is 
seen. Figure 20 shows only the fractionation factors, and in th is graph an overall
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Table 8: S table isotopic results of the bubble-m ediated exchange experim ents. 
All de lta  values are in per mil; the fractionation factor a lpha  is calculated from 
equation (4) between liquid and exit vapor values. A nalytical error: ±  1.0 %o & 
D , ±  0.2 %> <518 O .
Day 618 0  618 0  S180
col. vapor liquid exit vapor
a is0 6D  8 D
24.5 °C col. vapor liquid
<5D
exit vapor
OiD 
24.5 °C
R un 1, 24-5 ±  2  °C rel. hum. >95 %
0 -9.1 -13.0 -22.1 1.00931 -77 -102 -163 1.07288
6 -9.1 -12.2 -21.0 1.00900 -71 -92 -152 1.07075
15 -8.3 -10.8 -19.5 1.00890 -72 -78 -144 1.07710
22 -7.4 -8.7 -18.5 1.00998 -60 -67 -138 1.08237
29 -10.6 -7.2 -17.0 1.00977 -79 -56 -126 1.08009
43 -9.1 -5.0 -13.7 1.00882 -58 -37 -102 1.07238
Mean 1.00929 1.07593
St.Dev. 0.00048 0.0047
R un 2, 24-5 ±  2 °C rel hum. > 95 %
0 -8.9* -13.4 -22.2 1.00893 -79 -104 -170* 1.07356*
9 -9.5 -11.8 -20.6* 1.00899* -77 -90 -145 1.07996
23 -8.0 -9.3 -18.5 1.00972 -66 -71 -135 1.08321
Mean 1.00921 1.07891
St.Dev. 0.00044 0.0049
R un 3 , 24-5 ±  2  °C rel hum. > 95 %
0 -10.4 -13.1 -22.2 1.00931 -86 -102 -165 1.07545
7 -10.1 -12.2 -21.2 1.00919 -76 -91 -156 1.07701
8 - -12.0 -21.0* 1.00930* -77* -90* -155* 1.07710*
9 - -11.7 -20.7 1.00940 -76 -88 -153 1.07647
15 - -10.9 -19.7* 1.00898* -69* -81* -148* 1.07864*
16 -10.3 -10.7 -19.5* 1.00877* -69* -81* -149* 1.07991*
20 -9.1 -9.1 -18.4* 1.00947* -60* -73* -141* 1.07916*
Mean 1.00920 1.07768
St.Dev. 0.0025 0.0016
M ean of 3 R uns=  1.00923 1.07751
* values calculated assum ing equilibrium  conditions, i.e. not m easured.
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Figure 16: Fractionation factor, tim e and tem pera tu re  relations for Run 1 (A). 
Confidence interval for 6 D in graph B (solid lines) is proportional to  m ean vapor 
tem pera tu re  variation for Run 1.
sinusoidal trend  in both  a p  and qib0 is readily apparen t. These trends have 
apparen t periods of about 40 days, which are probably related to long-term  tern-
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p era tu re  fluctuations w ithin the  laboratory. The two solid lines in Figure 16 (B) 
ind icate  the  range of a o  over two degrees C. This range represents the  variation 
in tem pera tu res (liquid and vapor) for the  three experim ents. T he accuracy of the 
deu terium  and oxygen d a ta  suggest th a t  the  fractionation factors can be m easured 
w ith  a  high degree of accuracy. T he fractionation factor for D /H  can apparently  be 
m ore accurately  m easured th an  th a t for 18O / 160  because the  analytical precision 
for hydrogen is greater.
T he stable isotope results for all th ree  runs are p lo tted  in Figure 17.
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Figure 17: <5180  -<5D graph of the bubble-m ediated exchange experim ents.
T he isotopic trends for Runs 1 and 3 begin parallel to  the  M eteoric W ater Line 
(M W L), and slope away after about 23 days, while the  Run 2 d a ta  deviate from the
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M W L a t a  constan t slope of about 7.5. T he deviation from  a  perfectly  sa tu ra ted  
condition probably indicates free surface evaporation and the  lack of absolute 
sa tu ra tion  in the  vapor phase. The relative hum idity  of the vapor phase ranged 
from  97-99 percent. T hree percent undersa tu ra tion  (mass flux of w ater vapor) 
and also surface evaporation would account the  observed loss of w ater ( %).
T he tritiu m  results for the  three experim ental runs are tabu la ted  in Table 9. 
A bout 45 percent of the  initial tritiu m  of 5,000 T U  in Run 1 was transferred  to  
the  vapor phase and released. For Run 2, the  in itial tritiu m  inventory (~630,000 
TU ) was reduced by 42 percent over a 57 day period. T he results for Run 3 
(initial tritiu m  concentration =  ~630,000 TU ) reveal a 24 percent loss over a  26 
day period. These results indicate th a t the  ex traction  efficiencies are a  function 
of in itial ac tiv ity  since the design param eters for all th ree  runs were held constant 
(bubble size, vessel geometry, air flow rate).
T he results of th e  tritiu m  analyses of the exit vapors (Table 9) confirm  th a t  the  
exhaust was in constan t equilibrium  in tritiu m  with the  liquid phase. T he tritiu m  
fractionation factors in column 4, Table 9 each represents the  analysis of one 
vapor-liquid pair using the  vapor-extraction un it (A ppendix A). T he calculated 
fractionation factors for tritium  range from 1.094 to  1.133, and agree to  w ithin 6 
percent of the  generally accepted value of 1.11 a t 25 °C [ Jacobs, 1968].
The fractionation factor d a ta  in Table 9 confirm the  precision achieved with 
the vapor ex traction  unit, and suggests th a t regardless of initial ac tiv ity  studied, 
the system  so designed is in constant equilibrium  with respect to  tritium .
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T ab le  9: T ritiu m  re su lts  from  b u b b le -m ed ia ted  exchange ex p erim en ts .
Day 3H
(TU in liquid)
3H
(TU in vapor)
ai f i  
(24 .5  °C )
% loss 
(3H )
R un 1, 24-5 ±  2  °C rel. hum. > 95 %
0 4,492 ±  383 __ — 0
15 3,630 ±  597 — — 19.2
29 3,052 ±  485 — — 32.1
43 2,455 ±  304 — — 45.3
Run 2, 24-5 ±  2  °C rel hum. > 95 %
0 626,641 ±  3066 — — 0
26 434,982 ±  2561 — — 30.5
33 388,293 ±  2417 351,043 ±  2106 1.107 38.3
49 376,002 ±  2385 337,827 ±  1501 1.113 40.0
57 361,298 ±  1654 326,645 ±  1950 1.106 42.3
R un 3, 24-5 ±  2 °C rel hum. >95 %
0 630,522 ±  1419 565,863 ±  1345 1.114 0
1 627,681 ±  1411 553,932 ±  1331 1.133 0.05
1.5 624,441 ±  1150 573,039 ±  2060 1.109 0.95
7 583,772 ±  919 — — 7.4
8 576,378 ±  940 — — 8.6
9 567,264 ±  1050 — — 10.0
15 531,789 ±  975 — — 15.7
18 520,117 ±  1112 — — 17.5
23 502,378 ±  702 — — 20.3
26 479,295 ±  670 — •— 24.0
Figure 18 shows the variation of fractionation factor for <518 0  and 6 D with 
the  m ean vapor tem pera tu re  of Run 1. The good fit between the observed (open 
symbols) and the accepted values for alpha (dashed lines) indicates th a t the ef­
ficiency of w ater transport to the vapor phase can be accurately  m easured with
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s tab le  isotopes.
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Figure 18: Correlation between m ean vapor tem pera tu re  and stable isotope frac­
tionation  factors for Run 1.
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D iscu ssio n
The results of the  box experim ents have shown th a t the  isotopic enrichm ent 
or depletion th a t a  w ater undergoes is lim ited by the  re tu rn  flux from the  am bient 
atm osphere. A sim ilar condition was found in the  dynam ic (bubble) experim ents 
in which the  mass transfer was lim ited by the  equilibrium  observed w ithin the  
vapor phase over the  bubble path . In th is section, equations (13), (15) and (21) 
presented in the  in troduction  are used to  calculate gas-side exchange coefficients 
for the  individual waters in the box experim ents, and also for the bubble-m ediated 
exchange experim ents.
Box Experiments
For passive exchange (box experim ents), the  com position of the  vapor phase 
is a  controlling factor in the  isotopic evolution of waters inside the boxes. The 
tim e dependence of the exchange process is defined in equations (13) and (15), 
from which values for k  can be calculated. T im e-com position curves from  these 
expressions are draw n for 518 0  trends of each w ater and are then used to  estim ate  
the  exchange coefficients. For these graphs, a perfectly sym m etrical curve set 
indicates an in itial isotopic balance in com position and volume of waters for a 
given box. Skewed exchange curves are the result of the  chosen variations in 
initial isotope com position and water volume.
The tim e-5 18 0  plot for Experim ent 1 is shown in Figure 19.
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Figure 19: G raph of 6180  versus tim e for waters A, B, and C in E xperim ent 1. 
W ater B is close to  the calculated isotopic center of mass (dashed line); W aters 
A and C trend  asym ptotically  towards this equilibrium  sta te . Solid lines are 
equation (13).
T he exchange coefficients calculated from  equation (13) for this experim ent 
range from 0.12 cm /day  to 0.14 cm /day  for each isotope. This narrow range of 
coefficient values indicates the  precision w ith which the  exchange process can be 
m onitored in the  three-beaker system . T he k  values are independent of isotopic 
species, suggesting th a t  the experim ents are not sensitive to  the  small variations
in vapor pressure of water molecules differing in isotopic mass.
I
T he four tim e-6 18 0  plots for E xperim ent 2 (Boxes 1-4) are shown in Figures 
20, 21, 22, and 23 respectively. Box 1 contained waters with identical surface
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Figure 20: G raph of #180  versus tim e for W aters A and B in Box 1, E xperim ent 2. 
Isotopic com positions a t each sam pling tim e (filled squares) are fitted to equation 
(13) (solid lines). T he calculated isotopic center of mass is shown by the  dashed 
line. Solid lines are equation (15).Vapor values are generally in equilibrium  with 
the  liquid a t 20 °C .
areas and volumes; the k  values calculated from  equation (15) for bo th  waters 
and all isotopes ranged from  0.12 cm /day  to 0.15 cm /day  (Figure 20). T he time- 
com position exchange curves for Box 2 (same volume, different surface areas) are 
shown in Figure 21, and fall between 0.09 cm /day  for W ater B and 0.14 cm /day  
for W ater A, for each isotope. T he low value for W ater B in th is experim ent 
suggests a possible lim ita tion  of equation (15) a t low surface area conditions. 
However, the  exchange coefficients calculated are still extrem ely  well constrained. 
T he tim e-#18 0  concentration d a ta  for Box 3 (different volumes, sam e surface
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Figure 21: G raph of li180  versus tim e for W aters A and B in Box 2, E xperim ent 
2. Isotopic com positions a t each sam pling tim e are shown by the  filled squares, 
and the  calculated isotopic center of mass is shown by the dashed line. Solid lines 
are equation (15).
areas) are graphed in Figure 22, along with curves generated through equation 
(15). The resulting exchange coefficients k  are 0.16 for W ater A and 0.14 for 
W ater B. Figure 22 shows a skewed in itial composition; since the  model correctly 
accounts for the  effects of surface area and volume differences, the  underlying k  
values are the  same. This result underscores confidence in k  values to  describe the  
exchange of w ater molecules, regardless of geom etry or isotopic com position. The 
two exchanging waters in Figure 22 came to  equilibrium  after about 40 days, and 
then apparently  follow a  slight evaporation trend shown by the sim ilar enrichm ent
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Figure 22: G raph of <5180  versus tim e for W aters A and B in Box 3, Experim ent 
2. Isotopic com positions a t each sam pling tim e are shown by the  filled squares, 
and the  calculated isotopic center of mass is shown by the  dashed line. Solid lines 
are equation (15).
in bo th  w aters. Figure 23 shows the  tim e-^180  relations for Box 4, E xperim ent 2 
(different surface areas, different volumes). From equation (15), a  k  value of 0.13 
c m /day  is ob tained  for all isotopes of W ater A. The enrichm ent trend  of W ater B 
is the  result of the high evaporation in this low volume (132.5 ml) beaker (80 % 
over 54 days). The solid line extending from the initial com position of W ater B 
is the  pa th  predicted  by equation (15) for a k  value of 0.12.
T he convection in E xperim ent 3 produced very in teresting  results which are 
not clear from the  6180  - <5 D graph on page 64. T he tim e-com position exchange
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Figure 23: G raph of d)180  versus tim e for W aters A and B in Box 4, Experim ent 
2. Isotopic com positions a t each sam pling tim e are shown by th e  filled squares 
and th e  calculated  isotopic center of mass is shown by the  dashed line. Solid lines 
are equation (15).
curves for E xperim ent 3 are graphed in both  6 D and 618 0  in Figure 24, from 
which it is apparen t th a t the isotopic evolution of the two stab le  isotopes was 
independently  affected, 618 0  being selectively enriched in the  fluid phase relative 
to  6 D . This is em phasized by the  dashed line p lo tted  from the  in itial cen ter of 
isotopic m ass of the  system  (<5180  =  -7.5%o) along a  slope of 0.02 °/00618O /d ay  
(graph A, Figure 24). L ittle  enrichm ent is seen is seen in the graph of deuterium  
(graph B, Figure 24).
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T he preferential enrichm ent of both  waters in <518 0  is accounted for by a  kinetic 
addition to  equilibrium  fractionation. W hile this effect is only abou t 13 percent
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Figure 24: <518 0  and S D exchange curves for Experim ent 3. Solid lines in lower 
graph (B) are equation (13).
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greater for oxygen th an  for deu terium , an identical k inetic addition  will p ropor­
tionately  affect oxygen m ore because of the  sm aller scale upon which the  61S 0  
d a ta  are resolved.
T he ra te  constants for oxygen can still be calculated from  these d a ta  (it is 
ob tained  directly  for 6 D ). If th e  ra te  of enrichm ent is though t of as a  steady 
flux, and th is trend  is sub trac ted  from  the d a ta  points (norm alized to  the  x-axis) 
the  exchange curves are effectively separated  from  th e  influence of evaporation, 
and are evaluated as before with equation (13). T he result of th is transform  is 
shown in Figure 25 from which the  coefficients of exchange 0.87 cm /day  and 0.92 
cm /d ay  are calculated for W ater A and W ater B, respectively.
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o  W ater B 
■ Water A-7 .0
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Figure 25: Norm alized 618 0  exchange curves for E xperim ent 3.
T hese values again com pare well w ith the  corresponding tritiu m  exchange coeffi-
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cien ts, as in p rev ious ex p erim en ts .
T he convection w ithin th is box clearly caused th e  seven-fold increase in k  
observed in E xperim ent 3 com pared to  the  sam e surface area-volum e tria ls (Ex­
perim ents l ,an d  Box 2 of E xperim ent 2). Air curren ts in the  laboratory  in con­
junction  w ith the  in terior convection caused localized condensation to  form  on the 
walls, sides and floor of the  Plexiglas. T his m ay have allowed w ater droplets to  
fall back into the  beakers w ith the  effect of retu rn ing  w ater of com position Rv 
back into the  exchange waters. The increase in liquid surface area created  by the 
condensing w ater is not reflected in the  isotopic shifts shown in Figure 25, and 
supports th e  conclusion th a t reflux of w ater in equilibrium  with Rv to  the  beakers 
does not appreciably  affect the mass balance of the  system .
T he exchange curves for E xperim ent 4 are graphed in Figure 26. An evapo­
rative trend  for the  oxygen isotopes is again apparen t, as in E xperim ent 3, and is 
shown by the  dashed line in graph A, Figure 26. This effect is barely visible in the 
deuterium  d a ta  (graph B, Figure 26). T he slope of the  oxygen trend  (graph A, 
Figure 26) indicates th a t bo th  waters were enriched by 0.13 % oin <5180  per day. 
These d a ta  are norm alized to  remove the  evaporative trends as w ith Experim ent 
3, and the  results are p lo tted  in Figure 27.
The ra te  coefficients for both  waters in Experim ent 4, calculated after sub trac­
tion of the evaporative trends are very sim ilar to  those m easured for the previous 
(air flow) experim ent. They are: k  wafer/i= 0 .86 , k  n/aferB=0.89. This sim ilarity  
in exchange coefficients is thought to  be fortu itous, because of the  com pletely
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different conditions w ithin these two experim ents. The tim e-com position curves
0
5
- 1 0 o - o  W ater B 
■ - «  W ater A
15
Analytical Error
± 1.0 %chD 
± 0.2 8 18-0-30
-70
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o  W ater B
1 1 0
-150
0 1 0 302 0 40 50
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Figure 26: 618 0  and 6 D exchange curves for E xperim ent 4. Solid lines in lower 
graph (B) are equation (13).
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Figure 27: Norm alized S18 0  exchange curves for E xperim ent 4.
for E xperim ent 5 are the  m ost sym m etrical of all, because of the  flood w ater used 
to condition the  box air. The overwhelm ing buffering effect of the  flood w ater is 
apparen t in Figure 28, in which the  <518 0  exchange curves for E xperim ent 5 are 
shown. T he sym m etry  of these curves about the  indicated center of mass confirms 
th a t the observed exchange was controlled exclusively by the  buffered vapor phase. 
Condensation of w ater vapor onto the  box walls occurred in th is experim ent also. 
I t is likely th a t some water did re tu rn , however, this is a random  function of the 
dripping condensation related to the  surface area available for the  re tu rn . Since 
the surface area of the  floor of the box is approxim ately 21 tim es the  combined
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Figure 28: 6180  exchange curves for E xperim ent 5. Solid lines are equation (13).
surface area of the  beakers, it probably had only a  small effect on the  bulk com­
position of the  beaker liquids.
Sum m ary of Observed Passive System  R ate  C onstants
The exchange coefficients calculated for the oxygen d a ta  in all box experim ents 
are sum m arized in Table 10. The values of k  for Experim ents 1 and 2 suggest 
excellent reproducibility  of these experim ental values. The anom alously low value 
observed for Experim ent 2, is thought to  be a  function of the flat curves found 
in th a t experim ent, and may be related to  a lim iting condition of S x / V x  for 
which equation (13) is no longer applicable. T he sim ilarity  betw een the  k  values 
calculated for the two h igh-tem perature experim ents (4 and 5) and the  air flow
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T able  10: E xchange C oefficient S u m m ary  for Box E x p erim en ts
E xperim ent Box W ater Lt k(cm /day)-f
A 0.156 0.12
1 1 B 0.156 0.13
C 0.156 0.14
1 A 0.134 0.15
B 0.134 0.12
2 A 0.029 0.14
2 B 0.029 0.09
3 A 0.336 0.16
B 0.336 0.14
4 A 0.073 0.13
B 0.073 0.09
3 1 A 0.134 0.87
B 0.134 0.92
4 1 A 0.134 0.86
B 0.134 0.89
5 1 A 0.134 0.86
B 0.134 0.84
f Surface area-volum e ratios calculated from equation (13) 
for Experim ents 1,3,4,5, and Box 1 o f  Experim ent 2, and from  
equation (15) for Experim ent 2, Boxes 2,3, and 4. 
t quoted values are for 6180 ;  <5Dand tritium  values 
are sim ilar.
experim ent (E xperim ent 3) is thought to  be coincidence. However, since these 
th ree  experim ents all involved some degree of change a t the  air-w ater interface 
com pared to the  quiescent, low tem pera tu re  trials, it is possible th a t  the  sim ­
ilar values are a  real indication th a t the exchange processes for these different 
situations were com parable from a kinetic point of view.
T he k  values for the  high tem pera tu re  experim ents ( 4 and 5) are abou t 7 
tim es larger than  for the room  tem peratu re  experim ents. This is probably related
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to  the  differences in vapor pressures. For exam ple, the  vapor pressure of w ater 
a t 22 °C is ~ 22  mm Hg, and th a t a t 52 °C is ~103 m m  Hg, yielding a ratio  of 
5.2. The corresponding ratio  of k  values for the  52 °C and 22 °C cases is 6.8. 
T hese values com pare reasonably well, and could be used to  fu rther investigate 
the  dependence of tran sp o rt on w ater vapor pressure for th e  individual isotopes.
T he ra te  constants calculated for the  box experim ents ind icate  th a t the  process 
of isotope transfer under high hum idity  conditions is species independent. This 
m ay m ean th a t the resolution of the experim ental d a ta  is insufficient to  discern the  
ac tual differences in equilibrium  vapor pressures. A lternatively, these differences 
in vapor pressure m ay sim ply be insignificant under the  conditions im posed w ithin 
the  boxes.
Influence of S a '/V x  and T em peratu re  on k
To sum m arize the  discussion of k  values for the  box experim ents it is helpful 
to  quantify  the  influence of the  two m ajor param eters controlling the  box envi­
ronm ents on the  exchange coefficient k,  nam ely surface area-volum e relations and 
tem pera tu re . The process of isotope exchange as defined in th is work is predi­
cated  on a  isotopic difference between the liquid and the  vapor phase. W ithou t 
a reasonable difference in isotopic com position, the  exchange rates would sim ply 
not be m easurable. Consider a dimensionless d isturbance to  be a proxy for the  
difference in isotopic com position driving the  exchange process. W hen th is dis­
tu rbance  is p lo tted  against tim e as a function of the param eter k  for a given value 
of L =  S x / V x ,  an indication of the relative influence of the surface area-volum e
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ratio  on the  param eter k  is obtained.
This situa tion  is shown in Figure 29, in which th e  values of L=0.029, 0.073, 
and 0.336 are p lo tted  over a 300 day tim e period. It is apparen t from  this graph 
th a t  ra tes  of exchange will increase the  larger the surface area to  volume ratio  of
a  w ater body.
—  k=0.13, L=0.029
—  k=0.13, L=0.073 
k=0.13, L=0.336
0.0
100 3000 50 150 250200
Time in Days
Figure 29: Influence of surface area/volum e relationship on the  value of k.
T he ratio  of the sm aller L values is about 2.5, and the  tim e required to  reach 
y= 0.5  (50 percent equilibration) is abou t 2.7, indicating th a t  the  influence of 
these surface area-volum e ratios on k  is relatively small. T he ratio  of the two 
larger values of L is about 4.6, and their corresponding ratio  of tim e of approach 
to  y= 0 .5  is abou t 0.166, suggesting th a t once the surface area-volum e ratio  reaches
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a certain  threshold , its influence on th e  ra te  of equilibration increases.
Similarly, a  plot relating the influence of tem pera tu re  on the  observed differ­
ences in k  is shown in Figure 30. T he ratio  of equilibration tim es for the  two 
values of k  of 300/5 ~ 6  is estim ated.
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Figure 30: Influence of tem pera tu re  on the value of k.
However, the  ratio  of tem peratures for the two values of k  p lo tted  is only 2, 
indicating th a t  the  increase in tem pera tu re  has a  profound effect on the  ra te  of 
equilibration for the  sam e surface area-volum e relationship.
W hile these results seem som ewhat in tu itive , they  quantify the  influence of 
tem pera tu re  and L on the observed rates, and could possibly be used to  fu rther
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investigate the rates a t which the surface area-volum e ratio  of a body of w ater 
responds over tim e to  different forcing agents. Also, w ith only two d a ta  points for 
the high tem pera tu re  experim ents, it was not possible to  derive a  ra te  equation 
which incorporates tem pera tu re . However, the direct correlation w ith tem pera tu re  
suggests a  m ore fundam ental relationship between the  exchange coefficient and 
vapor pressure. Indeed, the ratio  of k  values to  th e  ra tio  of vapor pressures is 
abou t unity.
Com parison of Box R esults w ith Rayleigh D istillation
T he deuterium  results for E xperim ent 1 are p lo tted  in Figure 31 against the 
Rayleigh distillation  curve which indicates the isotopic evolution of a w ater for an 
open system  in which the vapor phase is continually renewed. The com parison 
betw een the two end-m em ber processes reveals little  or no correlation. It is evident 
th a t  ba tch  distillation  had little  effect on the  evolution of these th ree  waters, and 
th a t  the  control of the  observed isotopic shifts is a  function of their common end­
point value, i.e. R ^  =  constan t, in this case. Figure 32 shows a sim ilar plot, 
except th a t the results of Experim ents 3 and 4 are  shown, along with the  same 
Rayleigh curve.
F igure 32 indicates th a t even for those waters undergoing appreciable evap­
oration  (Experim ents 3 and 4), the  effects of exchange still produce trends not 
pred icted  by the Rayleigh curve. The comparison of the  experim ental results with 
the  Rayleigh curve is a  bit m isleading, in th a t this curve is derived for a com pletely 
open system  in which the developed atm osphere is continuously swept away.
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Figure 31: Results of E xperim ent 1 as a  function of F/.
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Figure 32: Results of Experim ent 3 and 4 as a function of F/. E xperim ent 4 was 
conducted at 52 °C .
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However, the com parison does illustra te  the  idea th a t distillation  for an evaporat­
ing body of water can be modified, lim ited, or even com pletely reversed depending 
on th e  m agnitude of the  isotopic d isturbance and th e  w ater vapor concentration. 
T he observed lim iting forces w ithin the box experim ents are th e  end-point isotopic 
com position of the  system , and the  kinetics of the  actual interfacial transfer.
Bubble-mediated Exchange
T he increase in k  for exchange processes a t different vapor pressures implies 
th a t  the  w ater transfer is dependent on vapor pressure. Thus for the  exchange by 
bubble aeration, isotope mass transfer should also be proportional to  tem pera tu re .
Isotopic equilibrium  for the isotopes of hydrogen and oxygen was found be­
tween the  exchange vessel liquid and the  exiting vapor a t all tim es during the 
th ree  experim ents. M easurem ents of 6 D and 8l80  in both  liquid and vapor 
phases revealed th a t isotopic equilibrium  was a tta ined  w ithin the length of the 
bubble pa th , indicating th a t the exchange efficiency for these isotopes was a t or 
near 100%. The changes in stable isotope com position of the vessel w ater during 
Run 1 are p lo tted  in Figure 34.
T he curves were draw n using equation (13), to which the constant is not 
applied. Therefore, k  has th e  units of 1/day, and is observed to  range from 
0.023/day to  0.027/day for both isotopes, which agrees well w ith the  results from 
the  box experim ents when the same units of k  are em ployed. T he sim ilarity  in k  
values between the  box and bubble-m ediated experim ents suggests th a t the
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Figure 33: <518 0  -6 D graph of the  bubble-m ediated exchange experim ents. Solid 
lines in bo th  (A) and (B) are equation (13).
process of isotopic exchange is sim ilar in both  cases.
Analysis of loss rates for the bubble-m ediated exchange experim ents indicates 
th a t  for a given geom etry, and once isotopic equilibrium  is a tta ined , the flow rate
C
/C
o
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of air controls the  isotope m ass transfer as predicted  by equation (21).
T he difference in the  rates of tritiu m  removal for all three runs is graphed in 
F igure 34; the  broken lines are equation (21) draw n for the  indicated values of air 
flow rate . T he d a ta  for Run 2 deviate from the  trend  predicted  by equation (21) 
a t 15 lite rs /m in u te , while th e  d a ta  from Run 1 are in good agreem ent w ith this 
m odel.
1.0 ■— ■Run 2; Co= 630,000 TU 
0—0 Run 1; Co= 15,000 TU 
A— A Run 3, Go= 630,000 TU
0.8
7 liters/min
0.6
15 liters/min
0.4
35 liters/min
0.2
. 70 liters/min
0.0
0 70 8010 20 40 50 6030
Time in Days
Figure 34: V ariation in tritiu m  concentration over tim e for Runs 1, 2, and 3. 
Broken lines are equation (21) draw n for the indicated values of air flow rates.
T he deviation of Run 2 from the  first and th ird  runs (and th a t predicted  by
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equation (21) for 15 lite rs /m inu te , Figure 34) appears constan t, and suggests a 
system atic error such as flow ra te  for this run. T here m ay also be a threshold up 
to  which equation (21) can be applied w ithout some type of ad justm ent for the  
geom etry or scale of the  process. The late-tim e d a ta  for Run 2 trend  along an 
apparent flow ra te  curve of about 12.5 lite rs /m in u te  in Figure 34. Insufficient d a ta  
are collected from  th e  th ird  run to  assess the  precision (com parison w ith Run 2) 
of ex traction  a t high (>600,000 TU ) in itial concentrations. However, from  Figure 
34, Run 3 appears to  have a slightly higher in itia l ex traction  ra te  th an  R un 2.
F igure 35 shows the  natu ra l log relations between the fractional approach to  
equilibrium  in tritiu m  with the observed values for k  .
Run 3-0.52
Run 2-0.54
8
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-0.58
Run 1
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-1.45 -1.35 -1.30 -1.25-1.50 -1.40
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Figure 35: V ariation of fractional approach to  equilibrium  for the  th ree bubble- 
m ediated experim ents.
The observed linear correlation indicates th a t the system  behaves exponentially, 
and th a t th e  variation of the approach towards equilibrium  appears steady even
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with different initial isotopic compositions.
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A p p lica tio n s  to  H y d ro lo g y  and  F u tu re R esea rch
The results of th is research clearly indicate th a t  th e  process of exchange is an 
im portan t m echanism  which can control the  isotopic evolution of w ater and w ater 
vapor. T he application to  hydrology centers on com bining the  two end-m em ber 
cases of evaporation in to  a zero hum idity  environm ent and exchange a t sa tu ra tion  
so th a t environm ental conditions can be modeled.
It is possible then , to  imagine a model which incorporates the  necessary evap­
orative com ponent of na tu ra l system s which is then  modified by a  bulk re tu rn  flux 
term , analogous to  the k  param eter of the  box experim ents. This is th e  goal of a 
recent study, in which the  evaporation from  a single source is coupled through the 
atm osphere to a dow nstream  or downwind w ater body [Gat and Bowser, 1991]. 
These researchers found th a t heavy isotope enrichm ent of the  liquid phase re­
m ains considerable a t low hum idities, bu t becomes increasingly overwhelm ed by 
atm ospheric re tu rn  flux a t hum idities g reater than  50 percent.
Cave System s
The m ost direct application of this work to  a natural system  m ay be to  a 
high hum idity, low air flux situation , such as found in m ost caves. T he process 
of isotope exchange between am bient vapor and a  cave pool system  was identified 
w ithin C arlsbad Caverns by the stable isotope com position of drip  w ater, pool 
water and vapor sam ples [Ingraham, Chapman and Hess, 1990].
M easured conditions w ithin the cave indicated m axim um  tem pera tu re  fluctu­
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ations of ~ 6  °C , and relative hum idities of between 90 and 95%. T he reported  
deviations in stable isotope ratios from those expected a t isotopic equilibrium  be­
tween w ater and vapor w ithin the cave (up to  6 %o depleted  in 6D , and 2.5 %o more 
depleted  in 618 O ) were in terp re ted  as being caused by a k inetic addition  to  equi­
librium  fractionation. T he degree of stable isotopic enrichm ent reported  in the 
cave pools was found to  be lim ited by exchange of w ater vapor w ith the  pools, 
which, in a feedback loop, is controlled by the liquid phase. A high degree of such 
control was observed in the  box environm ents, and it can be expected th a t this 
control begins to fade the m ore open a system  becomes.
Term inal Lakes
Lakes are complex w ater system s which are often valuable in isotopic studies 
because of the  com binations of hydrologic relationships present. They and their 
surroundings are, in a sense, a m icrocosm  of the hydrologic cycle, and m ay be 
chosen for study  based on some unique characteristic  such as high evaporation 
or unique chemical com position. A term inal lake is one for which w ater loss by 
evaporation equals to ta l outflow, and represents an additional hydrologic system  
which m ay illu stra te  the  im portance of isotopic exchange.
Losses to  the  groundw ater system  by seepage, pum ping losses or o ther outflows 
are assum ed negligible or non-existent. If a condition of isotopic steady s ta te  
is assum ed for the  term inal lake scenario, then the inflow com position (river) 
should equal the  outflow com position (evaporation). T he com position of the lake 
is then  related  by the fractionation factor plus a kinetic addition, to  the inflow
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com position. T he hypothesis th a t a given lake is indeed a  term inal lake is tested  
here by a  sim ple analysis of inflow and lake isotope com positions, and evaporation 
and w ater in p u t estim ates.
As an exam ple, Pyram id Lake is thought to  be a term inal lake [Galat et al., 
1981; Peng and Broeker, 1980; W hitehead and Feth , 1961], and is s itua ted  in 
northw est Nevada. This lake is a descendent of Lake Lahonton, a  m ajor P leis­
tocene lake of th e  G reat Basin. T he headw aters of the  Truckee River, Pyram id  
Lake’s only perm anen t surface water source, arise in the Sierra Nevada m oun­
tains of eastern  California and western Nevada. T he Truckee River s ta r ts  a t Lake 
Tahoe, then  trends in a  northeastern  direction for 190 km  until discharging into 
the  south end of Pyram id  Lake, which lies abou t 90 km  east of Reno, Nevada.
T he lake is 40 km  long and varies from  6.5 km  to 16 km  in w idth, having a 
surface a rea  of abou t 450 km 2. The m ean dep th  of Pyram id  Lake is 59 m, with 
a  m axim um  of abou t 100 m, giving an estim ated  volume of 27 km 3 [Galat et al., 
1981], and a  surface area-volum e ratio  of 17 m. An estim ate  of 120 cm /year evapo­
ration for this lake appears stable over the last 25 years [Galat et al., 1981; Harding, 
1965]. This gives a averaged volum etric evaporative loss of about 5.3aT08m 3/y r  
based on the  above surface area. In non-drought years, the area  receives only 
about 15 cm of precip itation  annually, which includes 25-30 cm of snowfall. The 
years 1986 through 1989 were drought years in which approxim ately  one-half to  
tw o-thirds norm al precip itation  was recorded [Bostic et al., 1991; Pupacko et al., 
1988; Pupacko et al., 1989; Pupacko et al., 1990].
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To tes t the hypothesis th a t Pyram id  Lake is a  term inal lake, estim ates of 
the  inflow of w ater to  the  lake for the  years 1986-1989 are necessary. Direct 
discharge m easurem ents a t the  staging station  a t Nixon, Nevada (16 km upstream  
from  Pyram id  Lake) are not considered representative because several dam s exist 
betw een the  sta tion  and Pyram id  Lake from  which agricu ltural w ater is diverted. 
A b e tte r  estim ate  of the  actual inflow to the lake is obtained by adjusting the 
known lake volume for p recip ita tion  and evaporation for the  years of interest. 
T he changes in Pyram id  Lake volume for the  years 1986-1989 are shown in Table 
11, along w ith the estim ated  discharge of the Truckee River into Pyram id Lake 
(inflow).
Table 11: Changes in w ater content, evaporation and inflow, Pyram id  Lake.
Year A l /  f 
(108m 3/y r)
E-P t  
(108m 3/y r)
inflow * 
(108m 3/y r)
89 4.7 5.0 0.3
88 4.2 5.0 0.8
87 5.0 5.0 0.0
86 2.6 5.0 2.3
t change in volum e o f  lake 
t  evaporation - precipitation
* net inflow estim ate o f  Truckee River to  Pyram id Lake.
From Table 11, it is seen th a t the  evaporation is about 2-5 tim es th a t th a t of 
the  influx of water to the lake. From  these estim ates, Pyram id  Lake was appar­
en tly  dessicating, and did not represent a  term inal lake over the  years 1986-1989. 
For these years, a residence tim e of about 50 years is estim ated . Larger inflow
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values are obtained  for earlier (non-drought) years, during which the  condition of 
inflow =evaporation apparently  holds.
T he stab le  isotopic com position of the  Truckee River has been reported  as 
-85 °/oo 8 D and -10 %o 6180  , while the  lake itself m easures -35 %o 6 D and 
-0.9 %o 618 0  [M cKenna et al., 1992]. If Pyram id Lake is indeed a  term inal lake 
then  the  condition
E8e  = I8 i  +  P8p  (22)
where E denotes evaporation, I is the inflow, and P is the p recip ita tion  should 
hold true. For th is condition then, the lake com position should be defined by 
the  inflow com position and the appropriate  fractionation factor. T he condition 
for a term inal lake can be tested by applying equation  (4), and using the  known 
inflow com position and a reasonable fractionation factor (evaporation a t 10 °C , 
a =  1.098). For these inputs, equation (4) yields a lake com position of 
+ 5  %o 8 D . This value would be even more enriched if corrected w ith a  kinetic 
addition, b u t for purposes of estim ation, however, it is clear th a t  the  calculated 
isotopic com position of the lake (d D =  + 5  %o ) is ~ 40  % o m ore enriched th a t  the 
observed values for the lake 8 D =  -35 °/°o .
T he isotopic relations for the lake system  are  shown schem atically in Figure 
36; the  upper p a rt of this graphic shows the  various isotopic com ponents, and the 
lower is an isotopic com position line showing the observed values along w ith the 
com position calculated when equation (22) holds true.
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It is apparen t from Figure 37 th a t isotopically speaking, Pyram id  Lake does 
not represent a  term inal lake; nor does it represent a dessicating lake based on 
isotopic composition.
i 6 ,
Inflow" “ 8 5  ( ^ s e r v e d )
t _______________________
Lake -  —35  (observed)
I
+ 5 =  6 Lake
(calculated  for 
lnflow =  Evap)
40  per mil ex c h a n g e  hypothesis  
Figure 36: Schem atic of Pyram id Lake isotope system .
A dessicating lake would have isotopic compositions which follow some form of 
Rayleigh fractionation, and be possibly more enriched than  the  + 5  %o calculated 
for the  term inal condition. The discrepancy between the  observed value of the
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lake com position and th a t calculated based on equation (4) can be a ttr ib u ted  to 
exchange w ith the  atm osphere in which the  expected com position for the  lake 
(+ 5  °/oo in 8 D ) is never reached because of buffering effects of exchange. The 
loss of lake w ater to  the  groundw ater system  could con tribu te  to  the observed 
depletion in stable isotopes relative to  a closed system . This analysis is simplified 
and sub ject to  the  typical errors of estim ation and isotope analysis. However, 
explaining the  very large (40 %o in 8 D ) discrepancy between the  calculated  and 
observed lake com positions clearly requires th a t more than  estim ation errors be 
invoked.
Field P ro to type  for T ritium  Rem ediation
The results of the  bubble-m ediated exchange experim ents confirm th a t  the 
m ass-transfer rates for tritium  are a  function of air flow. Any desired increase in 
the  mass transfer ra te  would thus require a greater air flow rate , since the  system  
is highly efficient in stable isotope and tritium  equilibration. In order to  increase 
th e  efficiency for field use, the air flux should be increased w ithin a  m ulti-stage 
ex traction  design. T he design and im plem entation of a field pilot p lan t using this 
m ethod of rem ediation is currently  underway.
Future Research
Future  research in th e  areas of isotope exchange, w ater-vapor tran spo rt and cy­
cling th roughout the hydrosphere is a key elem ent for being able to unify the  
end-m em ber concepts of exchange and evaporation. T he com plexity of hydrody­
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nam ics and clim atology a t the  various scales of in terest m ust be clarified if current 
models of atm ospheric chem istry and m echanics (e.g. Global C irculation Models) 
are to  properly account for na tu ra l changes and variability w ithin the  hydrologic 
cycle. Listed below are curren t and possible research ideas which m ay fu rther our
understand ing  of exchange w ithin the  hydrologic cycle.
1 E xperim entation  to  determ ine exact control of tem pera tu re  on exchange.
2 M ulti-season cave study.
3 Clim atological and hydrodynam ic study  of w ater vapor and isotope transport 
through hydrosphere.
4 T ritium  rem ediation pilot study (underw ay).
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S u m m ary  and  C on clu sion s
This work provides new d a ta  on the transfer of isotopes between w ater and 
w ater vapor based on the  available surface areas, volumes and tem peratures. Two 
experim ental m ethods have been used to  evaluate the  transfer of w ater isotopes 
between liquid and vapor using stable isotopic com positions (6180  and £D  ) and 
tritiu m  activ ities under controlled conditions. The ra te  of isotope transfer was 
m odeled based on surface area, tem pera tu re , and in itial com position for quiescent 
conditions a t high hum idities. Isotope exchange progresses v ia the  vapor phase 
until the  liquids reach isotopic equilibrium .
The transfer of w ater was quantified with an exchange coefficient k [Criss, 
Gregory and Taylor, 1987] which ranged from 0.09 to  0.19 cm /day  at 22 °C , and 
from 0.86 to  0.92 cm /day  at 52 °C . The value of k  for oxygen and hydrogen as well 
as tritiu m  was found to be constan t for each experim ent indicating th a t for bulk 
analysis under quiescent, hum id conditions, the  th ree isotopes behave similarly. 
For the case of identical surface areas and volumes, exponential shifts toward an 
isotopic s ta te  of equilibrium  are controlled by a constan t isotopic com position 
of th e  vapor phase. For the  case of different surface area-volum e relations, the  
com position of the vapor a t any tim e will change as equilibrium  is reached. The 
mean end-point vapor com position in this case is controlled by the surface area 
and volumes of exchanging waters.
T he bubble-m ediated isotope exchange m ethod appears a  prom ising a lte rna­
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tive to  trad itional approaches in th e  ex traction  or isolation of tritiu m  from liquid 
w ater. R esults of both  stable isotope and tritiu m  analysis ind icate  th a t  the  ex­
haust vapors were in isotopic equilibrium  w ith the  liquid a t all tim es during the 
th ree  experim ents, suggesting isotopic equilibration tim es of about 2 seconds. This 
is consistent w ith the  results of w ater vapor diffusion analysis w ithin a  sm all, hol­
low sphere in a continuous m edium . Thus any increase in ex traction  efficiency 
m ust be derived from  changes in the  ra te  of air flow, and stage configuration. 
A bout 50 % of the  tritium  activ ity  was removed from the (30 liter) liquid phase 
over a 40 day period. A constant 15 lite r/m in u te  flux of input air (w ater sa tu ra ted , 
TU  <10 ) was found to equilibrate in 618 0  , 8 D , and 3H over a  20 cm bubble 
pa th . In itial liquid tritiu m  activities of 5,000 TU and 630,000 TU  were both  found 
to  isotopically equilibrate w ith the  vapor stream  under identical conditions.
T he stab le  isotope evolution of the  exchange w ater has been m odeled m athe­
m atically  to  show th a t  the fractional approach to equilibrium  is a function of the 
in itia l com position of the vapor phase, and the  isotopic gradient between the two 
phases. T he ra te  of tritiu m  transfer was evaluated by m ass-balance; these results 
confirm the  dependence of mass transfer on the  air flow rate. T he efficiency of the 
exchange process is a  function of isotopic equilibration between bubble and bulk 
w ater, and is dependent on bubble size, contact tim e, diffusivity of w ater vapor, 
and isotope gradients.
Pyram id  Lake presents an isotopic enigm a; the  hypothesis of isotope exchange 
with the atm osphere is argued to  explain the discrepancy (40 °/00) between ob­
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served isotope com positions and those calculated for a  term inal lake. G roundw ater 
leakage from th e  lake is another scenario which could help explain this finding. 
A reasonable extension of the  experim ental work of th is investigation would be 
the  study  of a na tu ra l system  with hum idity and tem p era tu re  regimes sim ilar to 
those of the laboratory  conditions used here. For this purpose, caves in which air 
flow is m inim ized, and tem pera tu re  and hum idity  are approxim ately  constant are 
perfect na tu ra l laboratories.
T he goal of studying air-w ater interactions is to  b e tte r  understand  th e  flux 
of w ater vapor and its role w ithin the hydrologic cycle. P ure  isotope exchange 
represents an end-m em ber case of the larger process of evaporation. In order to 
apply the concept to  hydrologic studies, the two pure processes (exchange and 
evaporation) m ust be combined to account for their individual contributions to 
w ater-vapor fluxes.
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A p p en d ix  A
Vapor E xtraction  for T ritium  Analysis
This appendix describes the design and use of the  w ater-vapor ex traction  unit 
used to  draw vapor sam ples from the exit vapors of the  bubble-m ediated tritiu m  
exchange experim ents.
Four glass finger tubes were connected in series by vacuum  tubing to  form  the 
m ain trap . The tube  lengths (20 cm.) and diam eters (2.5 cm) provided a  large 
surface area to  allow condensation of the w ater vapor w ithout ice clogging. T he 
finger d iam eter w ithin each tube  was 1 cm. T he unit was fitted  a t each end with 
teflon vacuum  stopcocks for isolation of the un it after the sam ple extraction.
Trial vapor ex tractions with the unit indicated th a t while no ice clogging oc­
curred, there was insufficient surface area to  com pletely isolate the entire  fraction 
of w ater from the air stream . To increase the  surface area of the  un it, a 230 cm 
length  of 0.75 cm diam eter copper tubing was coiled around a 4 cm  form , and con­
nected to  the m ain trap  by means of vacuum tubing, to  create a secondary trap . 
A sm all, single-bend glass U -trap was added (behind the two large traps) as a 
visual check for w ater th a t may have passed through the  m ain traps. T hroughout 
both  the  trial and actual ex tractions, little  or no w ater was found to  condense in 
the glass U -trap. The ex traction  unit had a to ta l in terior volume of approxim ately 
0.56 liters, and an interior surface area of approxim ately 1000 cm 2.
A critical requirem ent for high efficency ex traction  of w ater vapor from  a
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m oving air stream  is a low flow ra te  across the unit. T he constan t 15 lite rs/m in  air 
flow ra te  would have overwhelmed the  ability of the cold-trap unit to  ex trac t the 
to ta l w ater fraction. Different air flow rates were tested; a  flux of 1.5 lite rs /m in u te  
was found to  be low enough for the  ex traction  efficiency to  rem ain high. The air 
flow across the  unit was regulated by m eans of an in-line gate  valve, and m easured 
w ith a  low-flow, glass-bead rotom eter. A check valve fitted  in a t the  outflow end 
of th e  un it m aintained the  in tegrity  of the  flow direction.
To obtain  a sample, the  air flow through the  system  was reduced to 1.5 
lite rs /m in u te , and the ex traction  unit a ttached  to a reducer on the  containm ent 
vessel exhaust vent. The unit was im m ersed in a C 02-acetone slush, and then 
opened to  the air flow for a  period of about 50 m inutes. A fter sam ple collection 
the unit was closed, connected to  a vacuum  extraction line, and the  sam ple slowly 
isolated using a liquid nitrogen cold trap . The sam ple was then transferred  to a 
pre-weighed glass am pule, flame sealed, and weighed on an analy tical balance to 
determ ine the mass of the sample.
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A p p en d ix  B
The derivation of equation (10) is as follows (notation is the sam e as in the 
text):
A fter separation of variables, equation (10) can be w ritten
dRx — —K  • dr
Rx — Rm
in which the  substitu tion  I<=k(p*-) is m ade for sim plification since the  surface 
areas and volumes are constants under the  sta ted  assum ptions. A fter w riting the  
integrals and applying lim its of in tegration th is expression becomes
t Rx(t) d R x  _  _  rl K  
JRi R x  ~~ R m  Jo
■ dr (23)
Introducing the  substitu tion  u= R a -R m  yields d u = d R *  and the following inte­
gration lim its: for R a'= R 2, u= R ,-R m , and for RA=RA'(t)> u= R x(t)-R M - 
Now, equation (23) can be w ritten  as
fJ r ,
R-xW-R-m du 
R m  u
= - K  fJo
dr
and the solution is
In u
Rx(t)—R\t
= —K  • r
R i - R m
Introducing the  lim its of in tegration yields
In /  Rx (Q ~ R m 1 _\ R i  —  R m —I< • (t -  0) R x { t)  -  R m  R i — R m = exp (—K  ■ t)
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Finally, substitu ting  k ( f * )  for I< yields the final form of (10):
Rx( t )_-  R m _  ( k S x \  
R i - R M ~  P \  V x ) '
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A p p en d ix  C
All stab le  isotopic analyses were perform ed a t the  W ater Resources C enter of 
the  D esert Research In stitu te , Las Vegas.
Hydrogen gas was ex tracted  from 5/zL w ater aliquots using zinc as the  reducing 
agent [Kendall and Coplen, 1985]. T he H 2 gas is then analyzed on a Nuclide 3- 
60HD mass spectrom eter. R eproducibility for the  hydrogen analysis is 1.0 per 
mil. Isotope concentrations are calculated using V ienna S tandard  M ean Ocean 
W ater (V-SM OW ), and V ienna S tandard  Light A rctic P recip ita tion  (V-SLAP).
Oxygen isotope ratio  determ ination was based on the conversion of the water 
sam ple to  C O 2 by a guanidine hydrochloride m ethod [Dugan et al., 1985]. The 
resulting  carbon dioxide gas was then analyzed on a Finnegan Model D elta-E  
isotope-ratio  mass spectrom eter. L aboratory reproducibility  for oxygen isotopes 
is 0.2 per mil. S tandards used in calibration are V-SM OW . V-SLAP, and an 
in ternal s tandard  (D IST).
T ritium  activ ities were determ ined both  a t the  DRI-W RC W ater C hem istry 
L aboratory  in Reno, Nevada, and the  D RI-W RC Stable Isotope L aboratory  in 
Las Vegas.
Analyses for tritiu m  were perform ed by liquid scintillation counting on either 
a Beckm an LS 1801 Liquid Scintillation Counter, or a Packard M inaxi 4300 Liq­
uid Scintillation Counter. Low-activity waters were enriched by an electrolytic 
m ethod, while concentrated  waters were counted im m ediately. Each sam ple was
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typically  counted five tim es (about 20-50 m inutes each).
A p p en d ix  D
120
Hum idification
Assum ing a well m ixed vapor phase, the  flux of w ater vapor which enters a 
finite (sm all) reservoir can be estim ated  by m easuring th e  change in water vapor 
concentration over tim e. T he assum ption of well m ixed separate  reservoirs (w ater 
and vapor), as it tu rns out from the isotopic data , is a  good one for the  tim e scales 
of in terest (m inutes to  days). T he conditions for the  following hum idification 
calculations are:
•  air tem perature: 28.3 °C
• air volume: 300 liters
• w ater volume: 1000 ml (in 2 beakers)
• w ater surface area: 142.6 cm 2
•  vapor pressure of w ater @ 28.3 °C : 23.8 to rr
E xpecting the am ount transferred to  be proportional to the  concentration 
difference and the interfacial area we have
Ji = k (c h  -  c l)  (24)
where J j  is the  flux a t the interface (m ol/cm 2-sec), c l, and c l are the  concentra­
tions a t the interface and in the bulk solution, and k  expresses the  proportionality. 
As w ith equation (9) this expression sta tes th a t if the concentration difference is 
doubled, the  flux will double, and th a t if the area is doubled, the  am ount of mass
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transfer will double, bu t the  flux per un it area  will not change. T he flux J i is 
first calculated  based on m easurem ents of the change in w ater vapor concentra­
tion over tim e using equation (24). Several trials yielded fluxes which ranged 
from  4.65a:10~8 to  3.93a:10-8 m ol/cm 2 sec. As these calculations are perform ed 
on evaporating w ater, the  fluxes can expected to  be larger th a t those calculated 
under sa tu ra ted  conditions because of th e  high w ater vapor grad ien t. From  equa­
tion (24), th is range of fluxes yields the  following range of transfer coefficients: 
k  ~0 .046 to  0.055 cm /second. These are thus the mass transfer coefficients ex­
pected under quiescent evaporative conditions a t 15-30 percent hum idity  for early 
tim es in the  box experim ents. Liss et. al [1972] reported  gas-side k  values for 
w ater vapor ranging from  0.27 to 2.5 cm /second based on salinity  changes in the 
liquid phase under wind conditions ranging from  1.6 to 8.2 m /second. T he results 
of Liss et. al [1972] agree well w ith these calculations, and confirm the range of 
gas-side A'values for environm ental conditions.
It is helpful to  estim ate  the  flux of w ater vapor based on relative satu ration  
for the  case of evaporating waters in order to  guage these values against those for 
the  case of high hum idity. Such calculations provide a range of k values which 
are im portan t in low hum idity  environm ents. The m agnitude of the  w ater vapor 
flux a t early  tim es w ithin the boxes can also be estim ated. An evaporative water- 
vapor flux can be calculated by applying the  sam e argum ents as those developed 
for th e  case of end-m em ber exchange equation (9) to different in itial and boundary 
conditions.
